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ABSTRACT 
Cursorial Adaptations in the Forelimb of the Giant Short-Faced Bear, Arctodus simus, Revealed 
by Traditional and 3D Landmark Morphometrics 
by 
Eric R. Lynch 
 
The paleobiology of the Pleistocene North American giant short-faced bear, Arctodus simus, has 
eluded paleontologists for decades. Its more gracile form has led past researchers to myriad 
intepretations of the locomotion and feeding ecology of this species. While earlier studies have 
focused on craniodental morphology and simple postcranial indices, it is forelimb morphology 
that represents a direct compromise between locomotor and foraging behavior. The study here 
uses traditional and 3D landmark morphometrics to more completely compare the 3-dimensional 
shape of the major forelimb elements and their muscle attachment sites between A. simus, extant 
ursids, and other carnivorans. Results herein agree well with previous studies and provide 
additional evidence for reduced abductor/adductor and supinator/pronator musculature, more 
restricted parasagittal motion, increased stride length, and lighter and more packed distal 
elements. Forelimb skeletal morphology therefore supports the hypothesis that A. simmus 
represents a bear in the early stages of cursorial evolution. 
 
 
 
3 
 
DEDICATION 
This Master’s thesis is dedicated to my grandparents: Doris Lynch, Polly Marple, George 
Marple, Alfred Lynch, and Dale Lynch. Thank you for creating such a wonderful, loving family, 
for always encouraging me to follow my dreams, and for meeting me with understanding and 
open arms when I get the chance to come home. I picture your smiles every day. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
ACKNOWLEDGEMENTS 
I am deeply grateful to Darrin Lunde (Division of Mammals, NMNH), Michael Brett-
Surman and Fred Grady (Division of Paleobiology, NMNH), Eileen Westwig (AMNH), and 
Aisling Farrell (The George C. Page Museum, Los Angeles, CA) for access to specimens and 
assistance in collections as well as to Jim Mead and Sandy Swift for help in the ETSU 
collections and access to photography equipment. I thank Blaine Schubert, Steven Wallace, and 
Jim Mead for serving on my committee and for offering enthusiastic support and critical 
feedback and revisions on the written thesis. Anneke Van Heteren, Joshua Samuels, Blaire Van 
Valkenburgh, Xiaoming Wang, and Peter Dodson offered insightful discussions of concepts and 
methodologies. I happily thank Leigha King, David Moscato, Steven Jaskinski, and Sharon Holte 
for enlightening, encouraging, and mostly entertaining office room discussions, and Amanda 
Geisler, Kevin Chovanec, and Kyle Jansky for feedback and ideas in our weekly meetings with 
Blaine. I am grateful to Randy and Carol Lynch for offering me, Leigha, and our crazy dog a 
place to stay while visiting the AMNH and to Violeta Castro and Aaron Stolpen for lending me a 
couch to sleep on while visiting the Smithsonian. I am eternally thankful for the Interlibrary 
Loan program, particularly for Dan Heuer and the ILL Staff at Bucknell University, and all 
institutions that were involved in the procurement of particularly difficult-to-reach articles and 
dissertations that were essential to my research. I thank Enterprise for its always friendly 
customer service and quick and easy rent-a-car experience for my trip to Washington, D.C. 
Funding was made available through the Don Sundquist Center of Excellence in Paleontology 
and National Science Foundation GK-12 Fellowship. As always, I extend a heartfelt thank you to 
my parents, sister, and grandparents for supporting my research endeavors and welcoming me 
with open arms when I get the chance to come home. 
5 
 
CONTENTS 
                Page 
ABSTRACT .................................................................................................................................... 2 
DEDICATION ................................................................................................................................ 3 
ACKNOWLEDGEMENTS ............................................................................................................ 4 
LIST OF TABLES .......................................................................................................................... 9 
LIST OF FIGURES ...................................................................................................................... 11 
1. INTRODUCTION .................................................................................................................... 13 
An Unresolved Debate ...................................................................................................... 14 
A Fresh Attempt at Resolution ......................................................................................... 16 
Phylogeny and Ecology of Comparative Species ............................................................. 18 
2. MATERIALS AND METHODS .............................................................................................. 25 
Specimens ......................................................................................................................... 25 
Traditional Morphometrics ............................................................................................... 25 
Geometric Morphometrics ................................................................................................ 42 
Orientation of Specimens for Digital Photography .......................................................... 57 
3. RESULTS ................................................................................................................................. 61 
Scapula .............................................................................................................................. 61 
Traditional Morphometrics – All Species ............................................................. 61 
PCA ........................................................................................................... 61 
StepDFA .................................................................................................... 64 
PCA2 ......................................................................................................... 64 
Taditional Morphometrics – Ursidae Only ........................................................... 66 
PCA ........................................................................................................... 66 
StepDFA .................................................................................................... 66 
PCA2 ......................................................................................................... 68 
Geometric Morphometrics – All Species .............................................................. 68 
Humerus ............................................................................................................................ 69 
Traditional Morphometrics – All Species ............................................................. 69 
PCA ........................................................................................................... 69 
6 
 
StepDFA .................................................................................................... 74 
PCA2 ......................................................................................................... 75 
Traditional Morphometrics – Ursidae Only .......................................................... 75 
PCA ........................................................................................................... 75 
StepDFA .................................................................................................... 78 
PCA2 ......................................................................................................... 78 
Geometric Morphometrics – All Species .............................................................. 78 
Ulna ................................................................................................................................... 82 
Traditional Morphometrics – All Species ............................................................. 82 
PCA ........................................................................................................... 82 
StepDFA .................................................................................................... 85 
PCA2 ......................................................................................................... 85 
Traditional Morphometrics – Ursidae Only .......................................................... 86 
PCA ........................................................................................................... 86 
StepDFA .................................................................................................... 88 
PCA2 ......................................................................................................... 89 
Geometric Morphometrics – All Species .............................................................. 90 
Radius ............................................................................................................................... 90 
Traditional Morphometrics – All Species ............................................................. 90 
PCA ........................................................................................................... 90 
StepDFA .................................................................................................... 95 
PCA2 ......................................................................................................... 95 
Traditional Morphometrics – Ursidae Only .......................................................... 97 
PCA ........................................................................................................... 97 
StepDFA .................................................................................................... 97 
Geometric Morphometrics – All Species .............................................................. 99 
Scapholunar....................................................................................................................... 99 
Traditional Morphometrics – All Species ............................................................. 99 
PCA ........................................................................................................... 99 
StepDFA .................................................................................................. 102 
PCA2 ....................................................................................................... 105 
7 
 
Traditional Morphometrics – Ursidae Only ........................................................ 105 
PCA ......................................................................................................... 105 
StepDFA .................................................................................................. 108 
PCA2 ....................................................................................................... 107 
Geometric Morphometrics .................................................................................. 109 
Magnum .......................................................................................................................... 109 
Traditional Morphometrics – All Species ........................................................... 109 
PCA ......................................................................................................... 109 
StepDFA .................................................................................................. 114 
Traditional Morphometrics – Ursidae Only ........................................................ 114 
PCA ......................................................................................................... 114 
StepDFA .................................................................................................. 114 
Geometric Morphometrics – All Species ............................................................ 117 
Third Metacarpal ............................................................................................................. 117 
Traditional Morphometrics – All Species ........................................................... 117 
PCA ......................................................................................................... 117 
StepDFA .................................................................................................. 120 
PCA2 ....................................................................................................... 120 
Traditional Morphometrics – Ursidae Only ........................................................ 123 
PCA ......................................................................................................... 123 
StepDFA .................................................................................................. 123 
PCA2 ....................................................................................................... 126 
Geometric Morphometrics – All Species ............................................................ 126 
Interelemental Variables ................................................................................................. 126 
Traditional Morphometrics – All Species ........................................................... 126 
Traditional Morphometrics – Ursidae Only ........................................................ 133 
Long-Bone Allometry ..................................................................................................... 133 
4. DISCUSSION ......................................................................................................................... 140 
Shape Change of Individual Elements ............................................................................ 142 
Scapula ................................................................................................................ 142 
Humerus .............................................................................................................. 147 
8 
 
Ulna ..................................................................................................................... 152 
Radius ................................................................................................................. 160 
Scapholunar......................................................................................................... 165 
Magnum .............................................................................................................. 172 
Third Metacarpal ................................................................................................. 174 
Interelemental Variables: Limb Posture and Proportions ............................................... 177 
Traditional Versus Geometric Morphometrics ............................................................... 184 
More Can Be Done ......................................................................................................... 187 
5. CONCLUSION ....................................................................................................................... 190 
REFERENCES ........................................................................................................................... 193 
APPENDICES ............................................................................................................................ 204 
APPENDIX A: SPECIMEN VALUES FOR TRAD MORPHO VARIABLES ............ 204 
APPENDIX B: StepDFAs and PCA2s FOR EACH ANALYSIS .................................. 234 
VITA ........................................................................................................................................... 245 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
LIST OF TABLES 
Table            Page 
1. Sample sizes per species per analysis ................................................................................26 
2. Scapula measurements .......................................................................................................28 
3. Humerus measurements .....................................................................................................30 
4. Ulna measurements ............................................................................................................33 
5. Radius measurements.........................................................................................................35 
6. Scapholunar measurements ................................................................................................35 
7. Magnum measurements .....................................................................................................37 
8. Metacarpal III measurements .............................................................................................37 
9. Interelemental measurements .............................................................................................39 
10. Scapula 3D landmarks .....................................................................................................43 
11. Humerus 3D landmarks ...................................................................................................45 
12. Ulna 3D landmarks ..........................................................................................................47 
13. Radius 3D landmarks .......................................................................................................49 
14. Scapholunar 3D landmarks ..............................................................................................51 
15. Magnum 3D landmarks....................................................................................................53 
16. Metacarpal III 3D landmarks ...........................................................................................55 
17. Statistical descriptors for traditional morphometric analysis of scapulae .......................62 
18. Species averages for StepDFA scapula variables ............................................................65 
19. Statistical descriptors for traditional morphometric analysis of humeri ..........................72 
20. Species averages for StepDFA humerus variables ..........................................................76 
21. Statistical descriptors for traditional morphometric analysis of ulnae.............................83 
22. Species averages for StepDFA ulna variables .................................................................87 
23. Statistical descriptors for traditional morphometric analysis of radii ..............................93 
24. Species averages for StepDFA radius variables ..............................................................96 
25. Statistical descriptors for traditional morphometric analysis of scapholunar ..................103 
10 
 
26. Species averages for StepDFA scapholunar variables .....................................................106 
27. Statistical descriptors for traditional morphometric analysis of magnum .......................112 
28. Species averages for StepDFA magnum variables ..........................................................115 
29. Statistical descriptors for traditional morphometric analysis of metacarpal III ...............121 
30. Species averages for StepDFA metacarpal III variables ..................................................124 
31. Statistical descriptors for traditional morphometrics of interelemental variables ...........130 
32. Power and linear functions describing long-bone allometry ...........................................135 
 
 
 
 
 
 
 
 
 
 
 
 
11 
 
LIST OF FIGURES 
 
Figure            Page 
1. Phylogenies of Order Carnivora and Family Ursidae ........................................................20 
2. Scapula measurements .......................................................................................................29 
3. Humerus measurements .....................................................................................................32 
4. Ulna measurements ............................................................................................................34 
5. Radius measurements.........................................................................................................36 
6. Scapholunar measurements ................................................................................................36 
7. Magnum measurements .....................................................................................................38 
8. Metacarpal III measurements .............................................................................................38 
9. Interelemental measurements .............................................................................................40 
10. Scapula 3D landmarks .....................................................................................................44 
11. Humerus 3D landmarks ...................................................................................................46 
12. Ulna 3D landmarks ..........................................................................................................48 
13. Radius 3D landmarks .......................................................................................................50 
14. Scapholunar 3D landmarks ..............................................................................................52 
15. Magnum 3D landmarks....................................................................................................54 
16. Metacarpal III 3D landmarks ...........................................................................................56 
17. Traditional morphometric All Species PCA of scapulae .................................................63 
18. Traditional morphometric Ursidae Only PCA of scapulae ..............................................67 
19. 3D landmark geometric morphometric PCA of scapulae ................................................70 
20. Traditional morphometric All Species PCA of humeri ...................................................73 
21. Traditional morphometric Ursidae Only PCA of humeri ................................................77 
22. 3D landmark geometric morphometric PCA of humeri ..................................................80 
23. Traditional morphometric All Species PCA of ulnae ......................................................84 
24. Traditional morphometric Ursidae Only PCA of ulnae ...................................................88 
12 
 
25. 3D landmark geometric morphometric PCA of ulnae .....................................................91 
26. Traditional morphometric All Species PCA of radii .......................................................94 
27. Traditional morphometric Ursidae Only PCA of radii ....................................................98 
28. 3D landmark geometric morphometric PCA of radii ......................................................100 
29. Traditional morphometric All Species PCA of scapholunar ...........................................104 
30. Traditional morphometric Ursidae Only PCA of scapholunar ........................................107 
31. 3D landmark geometric morphometric PCA of scapholunar ..........................................110 
32. Traditional morphometric All Species PCA of magnum .................................................113 
33. Traditional morphometric Ursidae Only PCA of magnum ..............................................116 
34. 3D landmark geometric morphometric PCA of magnum ................................................118 
35. Traditional morphometric All Species PCA of metacarpal III ........................................122 
36. Traditional morphometric Ursidae Only PCA of metacarpal III .....................................125 
37. 3D landmark geometric morphometric PCA of metacarpal III .......................................127 
38. Traditional morphometric All Species PCA of interelemental variables ........................131 
39. Traditional morphometric All Species PCA of limb element proportions ......................132 
40. Traditional morphometric Ursidae Only PCA of interelemental variables .....................134 
41. Regressions of midshaft width on element length for long bones ...................................136 
42. Regression of humeral bow angle on humerus length .....................................................153 
43. Interspecific variation in medial deflection of ulnar shaft ...............................................179 
44. Interspecific variation in pronation of radiocarpal articular facet ...................................181 
 
 
 
 
 
13 
 
CHAPTER 1 
INTRODUCTION 
 As is the case for many fossil species, the feeding and locomotor ecology of the giant 
short-faced bear, Arctodus simus, has eluded paleontologists for over a century since its initial 
description by Cope in 1879. Specifically describing cranial material recovered from a California 
cave, Cope observed that “the muzzle is much shorter and is wide, and…presents the peculiarity 
of being without diastema (Cope, 1879: 260).” This shorter rostrum, so morphologically distinct 
among the family Ursidae as to provide the short-faced bears (subfamily Tremarctinae) their 
name, is one of the main lines of evidence used by such researchers as Kurtén (1967) to argue in 
favor of a specialized predatory lifestyle for this bear. Unfortunately, none of the eight surviving 
ursid species (representing a considerable modern reduction of a once greater diversity [Kurtén, 
1967] including many South American and Eurasian species) present a similar enough 
morphological analogue to A. simus to allow for direct ecological and behavioral interpretations 
of this extinct species. Thus, ecological reconstructions of A. simus must focus on morphological 
differences between A. simus and extant ursids of known ecology. Such studies have historically 
relied on biomechanical considerations of bite force, correlations of craniodental morphology 
and stable isotopes to diet preferences, and, less commonly, postcranial analyses invoking limb 
proportions, skeletal indicators of posture, and the physics of locomotion and allometry. Because 
the majority of research regarding the feeding and locomotor ecology of A. simus has focused on 
the skull and dentition, it is the bones of the forelimb that provide the focus of the current study. 
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An Unresolved Debate 
Many would attribute the earliest assertion that Arctodus simus was an active predator, 
more similar to a lion (Panthera leo) than a bear, to Kurtén (1967) and Kurtén and Anderson 
(1980). Indeed they interpreted the shorter rostrum as an advantage to increased bite force, and 
the apparent long-leggedness (Back Length Index of Matheus, 2003:63) and overall gracile 
appearance of the limb bones led Kurtén and Anderson (1980:180) to imagine “a fleetness of 
foot unusual in a bear.” However, as early as 1925, Merriam and Stock observed that the 
narrowness of the trapezium+trapezoid articular facet of the scapholunar likely indicates a less 
medially divergent first digit and that the first metacarpal is reduced relative to the other 
metacarpals and to the same bone in smaller species of Ursus. Though not explicitly 
acknowledged by Merriam and Stock (1925), the reduction of lateral digits and reorientation of 
limb joints parallel to the parasagittal plane (i.e., direction of motion) are modifications typically 
interpreted as cursorial adaptations (Hildebrand, 1974). Later studies have helped to better 
quantify the skeletal characters described by these early descriptions (Mattson, 1995; Matheus, 
2003), and at least one agrees with their interpretations based on canonical discriminant analyses 
of craniodental and postcranial linear ratios (Mattson, 1995). 
The rather exciting prospect of a highly cursorial bear has been rejected by several more 
recent researchers that have arrived at surprisingly variable conclusions regarding the feeding 
ecology of A. simus. For example, Emslie and Czaplewski (1985) conclude that A. simus was 
primarily an omnivore/herbivore based on the presence of a premasseteric fossa, a flat-wearing 
lower carnassial, longer limbs for obtaining high-standing vegetation, and similarity with 
craniodental and postcranial features of Tremarctos ornatus, the only extant tremarctine bear. 
Conversely, Bocherens et al. (1995), Matheus (1995), and Barnes et al. (2002) found that 
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terrestrial carnivory was supported by 
13
C and 
15
N isotope data, though Sorkin (2006) casts doubt 
on the ability of isotope analyses to differentiate between strict carnivores and omnivores that 
consume high amounts of flesh. Moreover, Sorkin (2006) cites observations regarding the 
relatively reduced development of the humeral deltopectoral crest and medial epicondyle, ulnar 
olecranon, flexibility of the lumbar vertebrae, and orbits as indications of less powerful wrist 
flexors and pronators, elbow extensors, and vision that are necessary for lion-like ambush 
predation. Sorkin (2006) envisions A. simus as primarily herbivorous with a tendency to 
opportunistically scavenge. Using 2-dimensional craniodental and mandibular landmarks, 
Figueirido et al. (2009) demonstrate that the skull and dentition of A. simus does not differ 
significantly from extant omnivorous bears, and most interestingly of all, Figueirido et al. (2010) 
suggest that A. simus was neither short-faced nor long-legged (though the latter assertion results 
from comparing limb length to body mass, not to body length which has been shown to reveal 
the long leggedness of A. simus (Mattson, 1995; Matheus, 2003). 
Matheus (2003) reviews previously made observations of the skeletal morphology of A. 
simus and presents convincing and detailed arguments that the overall morphology of this 
species shows modifications for increased locomotor efficiency. Some modifications (laterally 
compressed ribcage, less medially oriented manus, more vertically oriented femur) reduce the 
lateral excursion taken by the limbs during each step, others (gracile limb bones for a bear of 
such great size) indicate a relative lightening of the limb musculature which reduces the energy 
required to oscillate the limb, and still others (overall lengthening of the limb relative to back 
length) provide an increased stride length (Mathues, 2003 and references therein). Because of the 
extreme body size achieved by A. simus and the fact that the dynamic forces experienced during 
locomotion increase with body size faster than the skeleton’s ability to handle them without 
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failure (Mathues, 2003 and references therein), Matheus (2003) concludes that A. simus was 
capable of relatively high-speed, straight-line coursing, but could neither accelerate rapidly nor 
maneuver agilely at high speeds. He further suggests that A. simus was an obligate scavenger, 
having evolved a highly efficient pace in order to traverse a wide home range in search of carrion 
and the largest body size among North American carnivorans in order to defend carcasses from 
other predators (Matheus, 2003). Feeding ecology aside, he interprets A. simus as being an 
“incipient courser” being in the early stages of evolving towards a more highly cursorial form. 
A Fresh Attempt at Resolution 
 To date, research regarding the feeding and locomotor ecology of Arctodus simus has 
focused largely on craniodental morphology, and those that have analyzed postcrania have 
predominantly invoked only limb proportions and qualitative descriptions (with the exception of 
the simple ratios calculated by Mattson, 1995, Matheus, 2003 and Sorkin, 2006). Furthermore, 
while some studies have statistically analyzed morphological differences between the postcrania 
of multiple mammalian orders and families including Ursidae (e.g, Van Valkenburgh, 1987; 
MacLeod and Rose, 1993; Iwaniuk, Pellis, and Whishaw, 1999), no study has quantified the 
finer shape variation, apart from indices of robustness, that exists between individual forelimb 
elements of extant ursids, particularly in the context of interpreting the locomotor habits and 
feeding ecology of extinct species. It is rather surprising that the morphology of the forelimb (or 
hindlimb, for that matter) of A. simus has not yet been detailed within the conversation of its 
function because the forelimb of any quadrupedal animal necessarily represents a compromise 
between locomotor requirements and food acquisition/manipulation (Howell, 1944; Gonyea, 
1978). Thus a better understanding of how the morphology of individual elements of the 
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forelimb differs between A. simus and extant ursids and non-ursid carnivorans will provide 
greater insight into the role the forelimb played in this bear’s ecology. 
 Multivariate statistical analyses, namely principal component (PCA) and stepwise 
discriminant function analyses (StepDFA), are here employed to investigate possible 
convergence between A. simus and five species of extant ursid (Ursus maritimus, U. arctos, U. 
americanus, Ursus malayanus, Tremarctos ornatus) and three non-ursid carnivorans (Panthera 
leo, Crocuta crocuta, Canis lupus) that represent a range of cursorial and non-cursorial 
locomotor habits (see next section). Specifically, the three non-ursids chosen are those used for 
comparisons or proposed as modern analogues by previous researchers (Kurtén, 1967; Matheus, 
2003). Two types of data are used, traditional and geometric morphometrics, and the advantages 
and disadvantages of each are compared. Traditional morphometrics involves obtaining linear 
measurements of element lengths and lengths of features on each element to create ratios that 
describe the relative sizes and shapes of those features. Analyzing ratios as opposed to absolute 
lengths is a crude means of correcting for size variation between species and specimens, and 
angular measures may also be employed. Angular measurements are independent of size in the 
sense that they may directly be compared between species without scaling the values; however, it 
should be kept in mind that the angles themselves may be controlled by body size. For example, 
the angle made between the humeral head and shaft is thought to increase with body size in order 
to align the transfer of body weight through the limb with the ground reaction force (Gregory, 
1912). 
 Landmark geometric morphometrics characterizes shape by assigning points to the 
surface of the bones in question. These points ideally represent homologous features between 
specimens and species, and Bookstein (1991) categorizes landmarks into three groups based on 
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how well-defined and repeatably located the particular landmark. Type I landmarks, for example, 
are defined by the intersection of two or more linear features (e.g., cranial suture intersections). 
This can be extrapolated into three dimensions as the intersection of three surfaces such as 
articular facets. Type II landmarks are defined as maxima of curvature (e.g., maximum point of 
curvature of the medial half of the radial head) or as the tip of a structure. Type III landmarks are 
defined by their relationships to other landmarks (e.g., intersection of lines defined by landmarks 
1 and 2 and by landmarks 3 and 4) or as extrema of features (e.g., most lateral extent of the 
glenoid fossa). As far as I am aware, the study here represents the first use of 3-dimensional 
landmarks for shape characterization of the appendicular skeleton in any vertebrate taxon (but 
see Polly, 2008 for an example of a different 3D methodology). As such, the landmarks used are 
defined here for the first time (see Materials and Methods). A notable shortcoming to the use of 
3-dimensional landmarks on long bones is the absence of many Type 1 landmarks (Bookstein, 
1991). Most landmarks used in this study are Type 2 and 3 (see Discussion), and future studies 
should seek to define more reliable landmarks. 
Phylogeny and Ecology of Comparative Species 
 Here I follow the phylogeny of the Ursidae and its relationship to Canidae, Felidae, and 
Hyaenidae as supported by Krauss et al. (2008) and Flynn et al. (2005). The relationships 
established by these authors are robust and generally agree well with the conclusions of earlier 
phylogenetic analyses (Talbot and Shields, 1996; Flynn and Nebdal, 1998; Beninda-Emonds, 
Gittleman, and Purvis, 1999; Yu et al., 2004; Fulton and Strobeck, 2006; Yu et al., 2007). 
Phylogenetic relationships among Ursidae have been difficult to resolve given their apparently 
recent radiation around the Mio-Pliocene boundary (Krause et al., 2008). All extant ursines 
appeared around this time along with the divergence that led to both the spectacled bear 
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(Tremarctos ornatus) and Arctodus simus, the tremartcines and ursines having themselves 
diverged in the middle Miocene (Krause et al., 2008). A common discrepancy is the position of 
the sun bear (Ursus malayanus) relative to the other ursines. While Krauss et al. (2008) place the 
sun bear as sister to the black bear clade (U. americanus+U. thibetanus, Figure 1B) and the three 
species together as sister clade to Ursus maritimus+U. arctos, other studies place the sun bear as 
sister to the sloth bear (U. ursinus, Figure 1C) with these two species as sister clade to a clade 
containing the remaining four ursines (Nakagome, Pecon-Slattery, and Masuda, 2008). 
Additional phylogenetic hypotheses have been reached and are presented in Figure 1. Several 
relationships are by now relatively indisputable and should be kept in mind during the following 
morphological analyses: (1) the close association of Ursidae and Canidae within Caniformia and 
of Felidae and Hyaenida within Feliformia; (2) the close relationship between T. ornatus and A. 
simus within the subfamily Tremarctinae and between U. maritimus and U. arctos within 
Ursinae. Morphological differences between closely related species may indicate ecological 
differences, whereas morphological similarities between closely related species may simply be 
an artifact of recent divergence.  
 The dietary behavior of the comparative species is also necessary to consider because the 
relative importance of herbivory, which may require climbing or digging, and carnivory, which 
may require prey pursuit and grappling as well as carrion defense, will influence skeletal 
adaptations in the forelimb (Gregory, 1912; Smith and Savage, 1956; Hildebrand, 1974). 
Specifically, herbivores and carnivores that rely on object manipulation for food procurement or 
dispatching prey tend to exhibit greater bone robustness, exaggerated surface areas for muscle 
attachment, and increased joint flexibility (Turner and Antón, 1997); whereas those that depend 
on high-speed and/or efficient locomotion sacrifice these features for a more restricted range of  
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Figure 1: Phylogenies showing relationships between Ursidae and other carnivoran families and 
within Ursidae. A) Order Carnivora modified from Flynn et al. (2005). B) Ursidae modified from 
Krauss et al. (2008). C) Ursidae modified from Yu et al. (2004). D) Ursidae modified from Pagés 
et al. (2008). Trees here show relationships only; branch lengths are meaningless. 
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forelimb motion and lighter limbs facilitated by more gracile bones and reduced musculature 
(Hildebrand, 1974; Wang et al., 2010). For a study in which several cranial and postcranial 
features were analyzed in the context of diet, Mattson (1995) compiled data from 85 studies in 
which the feces content of extant ursids was examined. Percent volume calculations, averaged 
across the 85 studies, indicate that the diet of the polar bear consists almost entirely of 
vertebrates, while that of the brown and American black bears is dominated by soft mast and 
foliage (the primitive digestive tract of all ursids is generally poor at handling course, fibrous 
vegetation; Nowak, 1999), but with a greater proportion of vertebrate predation displayed by the 
brown bear. Behavioral observations confirm these estimates (DeMaster and Stirling, 1981; 
Pasitschniak-Arts, 1993; Larivière, 2001). To better provide a context for the analyses that 
follow, some pertinent ecology of the comparative species used in this study is briefly presented 
below. Maximum reported running speeds are those compiled by Garland and Janis (1993). 
 Polar bear (Ursus maritimus): 40 km/hr; males typically 420-500 kg (Banfield, 1974) 
with a relatively smaller head and longer neck than other bears (DeMaster and Stirling, 
1981); an active and powerful swimmer and diver, capable of swimming tens of 
kilometers across open water (DeMaster and Stirling, 1981); primary food source is by 
stalking or ambushing seals and small whales (DeMaster and Stirling, 1981; Smith and 
Sjare, 1990; Derocher, Andriashek, and Stirling, 1993), but will opportunistically feed on 
carrion, small terrestrial mammals, fish, and aquatic birds (Nowak, 1999); capable of 
running down and killing reindeer, but typically stalk and pounce upon resting 
individuals (Nowak, 1999; Derocher et al., 2000), and may supplement diet with 
vegetation (Nowak, 1999) especially berries when pack ice is not available on which to 
hunt (Derocher et al., 1993); beluga whales and other marine mammals are followed 
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closely on ice where the acoustic senses of the prey cannot sense the bear, followed by 
leaping onto the prey and dragging the live animal onto the ice immediately or after 
swimming a distance with the prey in tow, prey is then eaten at the bear’s leisure with no 
initial kill bite utilized (Smith and Sjare, 1990). 
 Brown bear (Ursus arctos): 40 km/hr; 102-324 kg, with some Kodiak bears reaching 
780 kg (Nowak, 1999); a very large and strong bear, not very adept at climbing, but 
capable of outrunning and killing prey species, including black bears (Nowak, 1999); 
omnivorous, feeding predominantly on vegetation, but commonly preys upon moose, elk, 
mountain goats, birds, rodents, and salmon, and opportunistically scavenges 
(Pasitschniak-Arts, 1993; Nowak, 1999); prey individuals are typically ill or young, but 
healthy adult ungulates are not excluded (Cole, 1972; Pasitschniak-Arts, 1993); reported 
to pursue elk “at an easy lope” for distances under 2 miles or 20 minutes, using higher 
bouts of speed to cut off prey individuals (Cole, 1972); bring down large prey by gripping 
the hindquarters, collapsing to the ground, and biting open the neck and abdomen (Cole, 
1972). 
 American black bear (Ursus americanus): 40 km/hr; males 115-270 kg (Banfield, 
1974); capable of rather quick locomotion, and is adept at climbing and swimming 
(Nowak, 1999); diet is dominated by vegetation, but insects, small mammals, and fish are 
a common component (Nowak, 1999); reports indicate that elk, deer, and livestock are 
actively preyed upon (Larivière, 2001 and references therein). 
 Sun bear (Ursus malayanus): 27-65 kg (Nowak, 1999); highly arboreal with manus and 
pes oriented strongly medially as an adaptation for climbing (Nowak, 1999; Fitzgerald 
and Krausmann, 2002); capable of fine object manipulation by using the hands (Nowak, 
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1999); considered omnivorous, but vegetation, invertebrates, and honey make up the bulk 
of the diet, the large claws being used to tear open bark and insect nests (Nowak, 1999; 
Fitzgerald and Krausmann, 2002). 
 Spectacled bear (Tremarctos ornatus): males 140-175 kg (Nowak, 1999); almost 
exclusively frugivorous, but will incorporate other vegetation and insects into the diet 
(Nowak, 1999). 
 Gray wolf (Canis lupus): 64 km/hr; males 20-80 kg (Nowak, 1999); typically locomotes 
at about 8 km/hr, running at 55-70 km/hr (Nowak, 1999); actively prey upon larger 
ungulates and will pursue at high speeds for 20 minutes to several hours or 100-5000 m 
(Mech, 1974; Nowak, 1999; Wang, Tedford, and Antón, 2010); because claws are blunt 
and unretractable, they rely on social hunting and small bites to exhaust prey over long 
distances (Wang, Tedford, and Antón, 2010), and prey individuals are often young, old, 
or sick (Mech, 1974); in contrast to the initial kill-bite of felids, prey are eaten alive 
(Wang, Tedford, and Antón, 2010), and most of the prey carcass is utilized including 
much of the bone (Mech, 1974; Nowak, 1999). 
 African lion (Panthera leo): 59 km/hr; males 150-250 kg (Nowak, 1999); typically 
walks at about 4 km/hr, but reaches speeds around 50-60 km/hr during prey pursuit 
following an initial rush to surprise the prey (Guggisberg, 1975); not an adept climber or 
long-range pursuer (Turner and Antón, 1997), but stalks prey and typically captures (or 
gives up) after a 50-100 meter chase (Nowak, 1999), though one individual was observed 
to pursue a young gazelle for 400-500 m before the final capture (Guggisberg, 1975); will 
prey upon anything, and is capable of subduing large mammals including wildebeest, 
elephant, giraffe, hippo, and buffalo (Guggisberg, 1975; Turner and Antón, 1997; 
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Nowak, 1999; Haas, Hayssen, and Krausman, 2005) by cooperative hunting strategies 
and a kill-bite delivered to the back of the neck (Guggisberg, 1975; Turner and Antón, 
1997); may supplement diet with smaller mammals, fish, vegetation, and carrion 
(Guggisberg, 1975; Haas, Hayssen, and Krausman, 2005). 
 Spotted hyena (Crocuta crocuta): 65 km/hr; 40-86 kg (Nowak, 1999); powerful sense of 
smell, hearing, and sight and will traverse up to 80 km in a single night while foraging 
(Nowak, 1999); capable of pursuing medium to large ungulates for 75 m to 4 km 
(Holekamp et al., 1997) at speeds around 40-50 km/hr (Nowak, 1999); most often hunt 
solitarily, and an individual can successfully subdue prey three to four times its size 
(Holekamp et al., 1997; Holekamp and Smale, 1998); group hunts are more successful 
especially when pursuing larger prey such as giraffes (Holekamp et al., 1997 and 
references therein); hunts begin with a quick rush to startle a herd so that locomotor cues 
can be used to select young or weak prey individuals (Holekamp et al., 1997; Nowak, 
1999); convergent in form and behavior with canids, especially Canis lupus (Wang, 
Tedford, and Antón, 2010). 
These species were chosen because they represent a range of locomotor and dietary 
behaviors, each presumably characterized by a suite of osteological adaptations for their 
particular specialization. Skeletal and muscular anatomy throughout this study are referenced 
predominantly from Reighard and Jennings (1901), Sisson and Grossman (1938), and Davis 
(1964). Additionally, Davis (1949) compares the skeleton and associated musculature of bears in 
general to other carnivorans including the wolf and lion. However, again, it is the finer detail of 
shape differences that define more subtle behavioral differences between the species, especially 
within Ursidae, that is the focus here. 
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CHAPTER 2 
MATERIALS AND METHODS 
Specimens 
 The study here focuses on the major elements of the forelimb, namely the scapula, 
humerus, ulna, and radius. The scapholunar, magnum, and third and fourth metacarpals (MCIII 
and MCIV, respectively) were also included in order to address observations regarding 
proportions of size and shape made by earlier studies (Merriam and Stock, 1925; Kurtén, 1967). 
Efforts were made for consistency to use elements from the right forelimb of adult males, but 
left-side elements and female specimens were included as needed to boost species sample sizes. 
Landmark coordinates of left-side elements were multipled by -1, and results suggest that sexual 
variation and variation between left and right elements does not confound interspecific variation. 
Adults were identified based on epiphyseal fusion. Eight extant species were selected for 
comparison to Arctodus simus and to illuminate potential phylogenetic or allometric signal in the 
datasets. For landmark analyses of the humerus, ulna, and radius a specimen of Amphicyon 
ingens was included. Justifications for the species chosen are given in Chapter 1, and Table 1 
lists the sample sizes for each element per species and for both data types (traditional and 3D 
landmark-based geometric morphometrics). Specimens used in this study are housed in the 
collections of the American Museum of Natural History (AMNH, F:AM), the National Museum 
of Natural History (NMNH, USNM), the Page Museum at the La Brea Tar Pits (LACM), the 
University of Florida (UF), and East Tennessee State University (ETVP). 
Traditional Morphometrics 
A total of 93 linear and angular measurements (scapula, 11; humerus, 25; ulna, 25; 
radius, 12; scapholunar, 9; magnum, 3; MCIII, 4; MCIV, 4; Table 2) were obtained from each  
26 
 
Table 1: Sample sizes per species per analysis type. Numbers to left of slash are nspecies for 
traditional morphometric analyses (those in parentheses are nspecies that required the replacement 
of at least one missing variables with the species average). Numbers to right of slash are nspecies 
for landmark geometric morphometric analyses (those in parentheses are nspecies removed from 
analyses due to missing landmarks. 
Species Scapula Humerus Ulna Radius Scapholunar Magnum MCIII MCIV 
Arctodus 
simus 
9(8)/8(5) 
16(14)/12 
(11) 
13(11)/
8(6) 
14(6)/ 
15(9) 
10(2)/10(3) 5/5 
6(3)/6
(3) 
8(1)/0 
Ursus 
americanus 
7(1)/7 6/6 9(2)/8 8(1)/8 6/7 6/8 6/8 5/0 
Ursus 
arctos 
5(1)/10 5(1)/8 6(4)/8 5/9 4/8 4/7 6/9 5/0 
Ursus 
maritimus 
4(2)/6 4/5 4/5 4/5 4/5 4/5 3/6 3/0 
Ursus 
malayanus 
6/6 6/6 6(4)/6 6/6 6/6 6/6 
7(2)/6
(2) 
7(3)/0 
Tremarctos 
ornatus 
4(1)/4 4/4 4(2)/4 4/4 4/4 4/4 5/4 5/0 
Canis lupus 6(1)/7 7/8 7/8 7/8 6/7 5/6(1) 6/7 6/0 
Panthera 
leo 
6(1)/6 6/6 6(1)/6 6(2)/6 5/5 5/5 5(1)/5 5(1)/0 
Crocuta 
crocuta 
4(1)/5 5/6 5(1)/6 5/6 5/6 4(1)/5 4/5 4/0 
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complete specimen, resulting in 63 ratio and angular variables (scapula, 9; humerus, 38; ulna, 21; 
radius, 14; scapholunar, 9; magnum, 2; MCIII, 4; MCIV, 4) for morphometric analysis. Ratios 
were chosen that characterize the overall robustness, cross-sectional shape, shape and orientation 
of articulation facets, and position of features relative to the length of the bone (Tables 2-9, 
Figures 2-9). Previous studies have used such ratios as brachial index and robustness indices 
when characterizing forelimb morphology and proportions, but a “shotgun” approach is used 
here in which many previously unused ratios were generated, and it is left to the analyses to 
“choose” which variables are important.  This leaves open the possibility of discovering 
important morphological relationships that may have not yet been recognized. Values of these 
data are provided in Appendix A. 
Each element was photographed (see below) using a Canon Rebel XSi digital SLR 
camera or Canon PowerShot A540 digital camera, and measurements were obtained using the 
freeware ImageJ 1.45s (Rasband, 1997-2011). This method was ideal over digital calipers 
because many measurements required fitting lines to approximate features (for example, the 
angle HBA and length HBI are defined by fitting lines to the deltopectoral crest and distal 
humeral shaft and characterize the angle and relative position of their intersection). Each 
measurement was taken three times and recorded as an average. In many cases, fossils of A. 
simus were fractured in such a way that not all measurements were possible, and measurements 
were impossible in some comparative specimens for which several elements remained 
articulated. Such missing values were replaced by species averages so that the A. simus sample 
size could be optimized.
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Table 2: Scapula measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane
2 
AL Acromium length from tip to level of maximum metacromium width, parallel to acromium long axis L
3 
AW Acromium width (averaged if irregular) measured perpendicular to AL L 
SSH Scapular spine height measured from glenoid fossa center Pr 
SGTH Supraglenoid tubercle height measured from glenoid fossa border M 
ALPGF Length of acromium surpassing glenoid fossa measured perpendicular to the medial border of the fossa M 
GFL 
Anteroposterior length of glenoid fossa measured from supraglenoid tubercle tip to most posterior point of 
fossa border 
Pr 
GFW Mediolateral width of glenoid fossa measured perpendicular to GFL from medial to lateral border Pr 
CPL Coracoid process length measured parallel to GFW from center of glenoid fossa to tip of process Pr 
SSA Scapular spine angle measured between infraspinous fossa and most distal portion of scapular spine D 
IFA Infraspinous fossa angle measured between scapular spine and posterior border of infraspinous fossa L 
1
Depicted visually in Figure 2 
 2
Refers to plane in which digital photographs were taken to collect measurements with ImageJ; same is true for the suceeding tables 
3
Abbreviations are as follows: A, anterior view (focal plane parallel to mediolateral plane); P, posterior view (focal plane parallel to 
mediolateral plane); L, lateral view (focal plane parallel to anteroposterior plane); M, medial view (focal plane parallel to 
anteroposterior plane); Pr, proximal view; D, distal view; OL, parallel to plane of olecranon; RN, parallel to plane of radial notch; UH, 
parallel to articular surface of distal ulnar head  
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Figure 2: Scapular measurements used in traditional morphometric analyses. Scapular blade was 
ignored due to the highly fragmented nature of this element in Arctos simus fossils. Images are of 
Tremarctos ornatus specimen. 
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Table 3: Humerus measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane 
HL Maximum humeral length measured parallel to shaft A 
HAPW Anteroposterior width of humerus at midshaft M 
HMLW Mediolateral width of humerus at midshaft A 
DPCL Deltopectoral crest length measured parallel to HL from most proximal end of humerus; if not obvious, then 
projected intersection of deltoid and pectoral ridges 
A 
DPCW Maximum proximal width of deltopectoral crest measured perpendicular to HL A 
GTW Maximum width of greater tuberosity Pr 
BGA Acute bicipital groove angle defined by lines passing between the humeral head center, anterior tip of lesser 
tuberosity and medial tip of greater tuberosity 
Pr 
HPW Maximum mediolateral width of proximal humerus perpendicular to HL A 
HPL Maximum anteroposterior width of proximal humerus perpendicular to shaft axis M 
HDW Maximum mediolateral width of distal humerus perpendicular to HL D 
HDL Anteroposterior length of distal humerus measured from anterior border of trochlea to posterior border of 
medial epicondyle 
D 
HMEW Mediolateral width of medial epicondyle measured from level of maximum anteroposterior trochlear width 
to most medial extent of epicondyle 
D 
HMEL Anteroposterior length of medial epicondyle measured perpendicular to HMEW D 
1
Depicted visually in Figure 3 
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Table 3 (continued): Additional humerus measurements 
Msrmnt Definition Focal Plane 
HHA Acute humeral head angle between a line passing through most posterodistal extent of head and most 
anterior tip of lesser tuberosity and a line parallel to the deltopectoral crest 
M 
HBA Obtuse humeral bow angle between a line parallel to the deltopectoral crest and a line approximating the 
distal half of the shaft 
M 
HBI Length between most proximal extent of humerus and intersection of the lines that define HBA with line 
parallel to deltopectoral crest fit to the midline of the proximal shaft 
M 
CTW Mediolateral width of capitulum and trochlea measured perpendicular to HL A 
HTW Mediolateral width of trochlea measured from most medial extent of trochlear border to the constriction 
between the trochlea and capitulum 
A 
HCL Maximum proximodistal length of capitulum measured perpendicular to CTW A 
HTL Maximum proximodistal length of trochlea measured perpendicular to CTW A 
SCRW Mediolateral width of lateral supracondyloid ridge measured at level of maximum ridge curvature from ridge 
border to midline of shaft 
A 
TCL Proximomedial length of the constriction between trochlea and capitulum A 
HTA Angle formed between HL and medial border of trochlea A 
HCA Angle formed between HL and lateral border of capitulum A 
LEW Mediolateral width of lateral epicondyle measured from lateral border of olecranon fossa to lateral border of 
epicondyle 
D 
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Figure 3: Humeral measurements used in traditional morphometric analyses. Images are of 
Tremarctos ornatus specimen. 
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Table 4: Ulna measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane 
UL Maximum length of ulna; measured parallel to proximal half of shaft if bowed P 
UAPW Anteroposterior width of ulna at midshaft L 
UMLW Mediolateral width of ulna at midshaft P 
UOLW Apparent width of midshaft viewed in a plane parallel to olecranon OL
 
UBA Obtuse angle formed between proximal and distal halves of the ulna shaft P 
UBI Length between most proximal extent of ulna and the intersection of the lines that define UBA P 
UAPDW Minimum anteroposterior width of distal midshaft L 
OL Olecranon length from center of elbow rotation to max. point of curvature of posterior olecranon border
 
OL 
USL Length of ulna shaft measured from center of elbow rotation to most distal border of styloid process
 
OL 
OLA1 Acute angle formed between line OL and line USL
 
OL 
OL2 Length of proximal ulna measured from posterior border of olcranon to anterior border of semilunar notch Pr 
SLNL Maximum length of semilunar notch measured perpendicular to SLND OL 
SLND Depth of semilunar notch parallel to WSLND from notch border to level of maximum notch length OL 
WSLND Width of ulna shaft adjacent to greatest depth of semi-lunar notch OL 
RNL Length of radial notch RN
 
RNW Width of radial notch measured at midpoint of RNL RN 
UHL Proximodistal length of distal ulnar head (articular surface for distal radius) UH 
UHW Mediolateral width of distal ulnar head measured perpendicular to UHL UH 
UHD Depth of distal ulnar head measured from articular surface to anterior border of ulna shaft L 
WUHD Width of ulna shaft where intersected by UHD measured from articular surface to shaft midline L 
UHA Angle formed between line fit to anterior border of distal ulna and line perpendicular to distal ulnar head 
articular surface 
L 
USPL Anteroposterior length of styloid process L 
USPW Mediolateral width of styloid process P 
PNW Mediolateral width of proximal border of semilunar notch measured perpendicular to OL2 Pr 
1
Depicted visually in Figure 4
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Figure 4: Ulnar measurements used in traditional morphometric analyses. Images are of 
Tremarctos ornatus specimen. 
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Table 5: Radius measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane 
RL Maximum length of radius A 
RAPW Anteroposterior width of radius at midshaft M 
RMLW Mediolateral width of radius at midshaft A 
RHAPW Anteroposterior width of radial head measured perpendicular proximal portion of shaft M 
RHMLW Mediolateral width of radial head measured perpendicular to shaft A 
RHA Acute radial head angle formed between proximal half of shaft and line fit to medial border of head M 
RBA Radial bow angle formed between lines fit to the proximal and distal halves of shaft M 
RBI Length between most proximal point of radius and intersection of lines forming RBA M 
RSLL Maximum length of articular facet for scapholunar D 
RSLW Width of scapholunar articular facet measured perpendicular to and halfway along RSLL D 
RDW Maximum width of distal radius measured parallel to RSLL D 
RSPH Radial styloid process height measured parallel to line fit to distal radial shaft (see RBA) M 
1
Depicted visually in Figure 5; following scapholunar measurements depicted in Figure 6 
Table 6: Scapholunar measurements used to create ratios for traditional morphometric analyses 
Msrmnt Definition Focal Plane 
SLRL Maximum length of proximal articular facet for radius Pr 
SLRW Width of radial articular facet measured perpendicular to and halfway along SLRL Pr 
SLPPL Length of posterior process measured parallel to SLRW from posterior border of facet for radius Pr 
SLTA Angle between SLRL and articular facet for trapezoid  A 
SLW Proximodistal length of scapholunar measured perpendicular to SLRL A 
SLAD Proximodistal depth of radial articular facet measured parallel to SLW A 
SLMW Mediolateral width of magnum articular facet measured parallel to SLRL D 
SLML Anteroposterior length of magnum articular facet measured perpendicular to SLMW D 
SLTTW Mediolateral width of trapezium+trapezoid articular facet measured parallal to SLMW D 
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Figure 5: Radial measurements used in traditional morphometric analyses. 
 
Figure 6: Scapholunar measurements used in traditional morphometric analyses. Images are of 
Tremarctos ornatus specimen.
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Table 7: Magnum measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane 
MAGL Anteroposterior length of articular facet for third metacarpal (MCIII) D 
MAGW Mediolateral width of MCIII articular facet measured perpendicular to MAGL D 
MAGA Acute angle formed between MAGW and a line fit to the proximal keel for scapholunar articulation Pr 
1
Depicted visually in Figure 7 
Table 8: Third and fourth metacarpal measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane 
MC3L Maximum length of third metacarpal A 
MC3APW Anteroposterior width of third metacarpal at midshaft M 
MC3MLW Mediolateral width of third metacarpal at midshaft A 
MC3DW Maximum mediolateral width of third metacarpal at level of distal tubercles A 
MC4L Maximum length of fourth metacarpal A 
MC4APW Anteroposterior width of fourth metacarpal at midshaft M 
MC4MLW Mediolateral width of fourth metacarpal at midshaft A 
MC4DW Maximum mediolateral width of fourth metacarpal at distal tubercles A 
1
Depicted visually in Figure 8 
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Figure 7: Magnum measurements used in traditional morphometric analyses. Images are of 
Tremarctos ornatus specimen. 
 
 
Figure 8: Metacarpal III measurements used in traditional morphometric analyses. Same 
measurements are applied to metacarpal IV. Images are of Tremarctos ornatus specimen.
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Table 9: Postural measurements used to create ratios for traditional morphometric analyses
1 
Msrmnt Definition Focal Plane
2 
SOW Angle between humerus and ulna in parasagital plane as calculated in Fujiwara et al. (2009) n/a 
ELBOW Medial deviation of distal ulnar shaft measured as angle between distal ulnar shaft and humeral shaft in 
anterior view 
A 
FOREARM Obtuse angle formed between ulna and overlying articulated radius A 
WRIST Pronation angle of distal radius measured as acute angle between long axis of of scapholunar articular 
facet (SLRL) and plane of olecranon when articulated with ulna 
D 
RadTub Length from most proximal radius to distal tip of radial tuberosity (RTL) added to half the diameter of 
ulnar semi-lunar notch
3 
M 
LSC Length from estimated center of rotation of elbow joint to most proximal extent of lateral supracondyloid 
ridge of humerus
3 
A 
ElbAdd Distance from center of radial head rotation on the humeral capitulum to most medial extent of humeral 
medial epicondyle
4 
A 
Spread Acute angle formed by lines fit to shafts of third and fourth metacarpals of articulated manus A 
Dig1Div Divergence of digit I recorded as acute angle formed by lines fit to third and first metacarpal shafts of 
articulated manus
5 
A 
1
Depicted visually in Figures 3-5, 9 
 2Refer to section “Orientation of Specimens for Digital Photography” and Appendix A 
3
Adapted from Fujiwara et al. (2011) 
4
Personal communication S. Fujiwara, 2011 
5
Recorded as zero for Canis lupus, Panthera leo, and Crocuta crocuta in which digit I is reduced or absent 
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Figure 9: Interelemental measurements used in traditional morphometric analyses. Images are of 
Tremarctos ornatus specimen. 
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Data for each element were analyzed separately in order to better determine interspecific 
shape change within each bone. Each dataset was run through a principal components analysis 
(PCA1) using SPSS Statistics 20 (IBM Corporation). The results of PCA represent natural trends 
in shape variation among the specimens analyzed because no a priori groupings are considered. 
Subsequently, the data were run through a stepwise discriminant function analysis (StepDFA) 
using diet as the grouping variable. Diet assignments were based on the literature (Mech, 1974; 
DeMaster and Stirling, 1981; Pasitschniak-Arts, 1993; Mattson, 1995 and references therein; 
Nowak, 1999; Larivière, 2001; Fitzgerald and Krausmann, 2002; Haas, Hayssen, and Krausman, 
2005) and were consistent with previous geometric morphometric analyses that address 
craniodental shape change correlated to ursid diet (carnivore: Ursus maritimus, Panthera leo, 
Canis lupus, Crocuta crocuta; omnivore: Ursus arctos, U. americanus, U. malayanus; herbivore: 
Tremarctos ornatus). Arctodus simus was entered as “unknown” to allow classification of this 
species by the analysis. StepDFA selects a reduced number of variables that maximizes the 
separation of the assigned groups (diet). These variables were run through a second PCA (PCA2) 
in order to determine if the data subset resulted in a clustering of species similar to the initial 
PCA. This final step is useful for several reasons: (1) if the grouping of species by PCA2 is 
similar to PCA1, then it can be confirmed that diet is controlling the distribution of species in 
PCA1; (2) if the results are different, then it can be determined that diet is not the only important 
influence on shape change; (3) future studies should only need to consider the reduced dataset 
determined by the StepDFA when analyzing shape variation related to diet. The principles and 
methodologies of principle components analysis and discriminant function analysis are described 
well by Dodson (1995). 
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Finally, regressions of long bone mediolateral midshaft widths on whole bone lengths 
were generated for the humerus, ulna, radius, and third metacarpal, following Kurtén (1967) and 
Matheus (2003) to illuminate allometric patterns between the species. While the values of ratios 
of long bone widths to lengths do not differ greatly between A. simus and the spectacled, polar, 
brown, and American black bears, regressions of width on length reveal a downward shift of A. 
simus specimens along the y-axis relative to these other bears (Matheus, 2003). This relationship 
suggests that the long bones of A. simus are more gracile than what would be predicted for a bear 
of such great size (Matheus, 2003). Similar plots are shown herein and include additional 
comparative species (sun bear, African lion, spotted hyena, and gray wolf) to compare to the 
plots of Kurtén (1967) and Matheus (2003). Additional regressions were used to find 
relationships between particular variables and are described in the Discussion where necessary. 
Geometric Morphometrics 
 Three-dimensional landmarks were collected using a MicroScribe 3D Digitizer 
(Immersion Corporation) from each element, held aloft using a ring-stand and clamp setup. 
Landmarks were chosen that represent important osteological features (e.g., muscle attachment 
sites) and element robustness (Tables 10-16, Figures 10-16), and some represent 3-dimensional 
extrapolations of linear measurements and 2-dimensional landmarks used in similar studies (Van 
Valkenburgh, 1987; MacLeod and Rose, 1993; Iwaniuk, Pellis, and Shaw, 1999; Andersson, 
2004; Schutz and Guralnick, 2007; Samuels and Van Valkenburgh, 2008). The smooth surfaces 
of long bone shafts and many of the articular facets of the bones analyzed limited the number of 
Type I landmarks possible; thus most landmarks are described as maximum points of curvature 
or most lateral (anterior, posterior, etc.) point of a particular element or feature (Tables 10-16). 
Despite this limitation, such landmarks were included in order to capture measures of 
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Table 10: Scapula 3D landmark definitions
1 
LM Type
2 
Definition 
1 III Most lateral extent of glenoid fossa border 
2 III Most medial extent of glenoid fossa border 
3 III Most posterior extent of glenoid fossa border 
4 II Tip of supraglenoid tubercle 
5 III Intersection point of lines passing through LM1-2 and LM3-4, projected on glenoid fossa surface 
6 II Most medial tip of coracoid process 
7 II Most distal tip of acromium 
8 II Maximum point of curvature of scapular notch 
9 II Maximum point of curvature of surface connecting glenoid fossa to acromium 
1
Depicted visually in Figure 10 
2
As categorized by Bookstein (1991). The same is true for subsequent landmark tables. 
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Figure 10: Location of 3D landmarks on scapula. No landmarks were collected from scapular 
blade due to fragmentary nature of this element in A. simus fossils. Images are of Tremarctos 
ornatus specimen.  
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Table 11: Humerus 3D landmark definitions
1 
LM Type Definition 
1 II Maximum point of curvature of the proximomedial border of greater tuberosity 
2 II Maximum point of curvature of the proximolateral border of greater tuberosity 
3 II Proximoanterior tip of lesser tuberosity 
4 II Distoposterior tip of lesser tuberosity 
5 II Maximum point of curvature of bicipital groove 
6 III Most proximal point on the humeral head 
7 III Most distoposterior extent of the humeral head border 
8 I Intersection of deltoid and pectoral ridges; if not obvious, then projected intersection 
9 III Most medial point at midshaft 
10 III Most lateral point at midshaft 
11 II Maximum point of curvature of lateral supracondyloid ridge 
12 II Most lateral tip of lateral epicondyle 
13 II Most medial tip of medial epicondyle 
14 II Most distal tip of medial epicondyle 
15 II Maximum point of curvature of proximolateral “corner” of capitulum  
16 II Maximum point of curvature of distolateral “corner” of capitulum 
17 II Maximum point of curvature of constriction between capitulum and trochlea, proximal border 
18 II Maximum point of curvature of constriction between capitulum and trochlea, distal border 
19 II Maximum point of curvature of proximomedial “corner” of trochlea 
20 II Maximum point of curvature of distomedial “corner” of trochlea 
1
Depicted visually in Figure 11 
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Figure 11: Location of 3D landmarks on humerus. Images are of Tremarctos ornatus specimen. 
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Table 12: Ulna 3D landmark definitions
1 
LM Type Definition 
1 II Tip of styloid process 
2 III Center of ulnar head (distal articular surface for radius) 
3 II Maximum point of curvature of anterior border of shaft between shaft and ulnar head 
4 II Maximum point of curvature of posterior border of shaft between shaft and expanded region of distal ulna 
5 III Most anterior point at midshaft 
6 III Most posterior point at midshaft 
7 III Most lateral point at midshaft 
8 III Most medial point at midshaft 
9 II Maximum point of curvature of anterior end of radial notch 
10 II Maximum point of curvature of posterior end of radial notch 
11 II Maximum point of curvature of the coronoid process 
12 III Most medial extent of the coronoid process 
13 II Maximum point of curvature where anterior edge of olecranon meets semilunar notch 
14 II Maximum point of curvature of anterior border of olecranon 
15 II Maximum point of curvature of posterior border of olecranon 
1
Depicted visually in Figure 12 
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Figure 12: Location of 3D landmarks on ulna. Images are of Tremarctos ornatus specimen. 
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Table 13: Radius 3D landmark definitions
1 
LM Type Definition 
1 II Tip of styloid process 
2 II Maximum point of curvature of lateral border of scapholunar articular facet 
3 II Maximum point of curvature of anterior border of scapholunar articular facet 
4 II Maximum point of curvature of posterior border of scapholunar articular facet 
5 III Most anterolateral point of ulnar notch (distal articular facet for ulnar head) 
6 III Most posteromedial point of ulnar notch 
7 III Most anterior point of distal radius (the rugose area separating the furrows for the M. ext. digitoroum 
communis and M. ext. carpi radialis brevis) 
8 II Maximum point of curvature of volar border just proximal to styloid process 
9 III Point of volar border at midshaft 
10 III Point of interosseous crest at midshaft 
11 III Point of dorsal border at midshaft 
12 II Most distal tip of tuberosity 
13 III Most proximal point of radial head border 
14 I or II Tip of anterior border of radial head where raised proximally into a point; Type I in species/specimens 
where this point is formed by well-defined ridges 
15 II Maximum point of curvature on the medial half of radial head border 
16 II Maximum point of curvature on the lateral half of radial head border 
1
Depicted visually in Figure 13 
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Figure 13: Location of 3D landmarks on radius. Images are of Tremarctos ornatus specimen. 
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Table 14: Scapholunar 3D landmark definitions
1 
LM Type Definition 
1 II Maximum point of curvature of anterolateral “corner” of articular facet for unciform 
2 I Posteriorlateral corner of articular facet for unciform; i.e., intersection of the articular facets for unciform 
and cuneiform  
3 I Anterolateral corner of articular facet for magnum; i.e., intersection of the unciform and magnum articular 
facets and the anterior surface of the scapholunar 
4 I Posterolateral corner of articular facet for magnum; i.e., intersection of unciform and magnum articular 
facets and posterior surface of scapholunar 
5 I Anteromedial corner of articular facet for magnum; i.e., intersection of magnum and trapezium+trapezoid 
articular facets and anterior surface of scapholunar 
6 I Posteromedial corner of articular facet for magnum; i.e., intersection of magnum and trapezium+trapezoid 
articular facets and posterior surface of scapholunar 
7 II Maximum point of curvature of anteromedial corner of articular facet for trapezium+trapezoid 
8 II Maximum point of curvature of posteromedial corner of articular facet for trapezium+trapezoid 
9 II Most medial tip of posterior projection 
10 II Most posterior tip of posterior projection 
11 II Maximum point of curvature of lateral portion of border between articular facet for radius and anterior 
surface of scapholunar; typically convex towards the distal surface 
12 II Maximum point of curvature of medial portion of  border between articular facet for radius and anterior 
surface of scapholunar; typically concave towards the distal surface 
13 II Maximum point of curvature of posteromedial corner of articular facet for radius 
14 II Maximum point of curvature of posterolateral corner of articular facet; typically extends onto posterior 
surface of scapholunar 
1
Depicted visually in Figure 14 
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Figure 14: Location of 3D landmarks on scapholunar. Images are of Tremarctos ornatus 
specimen. 
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Table 15: Magnum 3D landmark definitions
1 
LM Type Definition 
1 I Anteromedial corner of articular facet for MCIII; i.e., intersection of anterior surface of magnum and 
articular facets for MCIII and MCII 
2 I Intersection of anterior surface of magnum and articular facets for MCII and trapezoid
2 
3 I Intersection of anterior surface of magnum and articular facets for trapezium and scapholunar 
4 I Intersection of anterior surface of magnum and articular facets for scapholunar and unciform 
5 I Anterolateral corner of articular facet for MCIII; i.e., intersection of anterior surface of magnum and 
articular facets for MCIII and unciform 
6 III Most proximal extent of keel that articulates with scapholunar; not necessarily a maximum curvature 
7 I Intersection of the medial and lateral borders of the articular facet for scapholunar and the posterior surface 
of magnum 
8 I Posteromedial corner of articular facet for MCIII; i.e., intersection of posterior surface of magnum and 
articular facets for MCIII and MCII 
9 I Posterolateral corner of articular facet for MCIV
3
; i.e., intersection of posterior surface of magnum and 
articular facets for MCIV and unciform 
10 III Center of articular facet for MCIII 
1
Depicted visually in Figure 15 
2
The boundary between articular facets for MCII and trapezoid is often difficult to discern without articulating the three elements. The 
facets may appear as a single smooth surface with only a slight curvature of the surface or somewhat raised ridge distinguishing the 
two. Moderate angulation of the anterior surface may also reflect the position of this boundary. 
3
The distal articular facet of the magnum is predominantly captured by MCIII, but the most posterolateral corner of this surface 
articulates with MCIV. The division between these two regions is often indiscernible without articulating the elements. 
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Figure 15: Location of 3D landmarks on magnum. Images are of Tremarctos ornatus specimen.  
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Table 16: Metacarpal III 3D landmark definitions
1 
LM Type Definition 
1 II Maximum point of curvature of distal extent of anterior portion of articular facet for MCII 
2 I Anteromedial corner of articular facet for magnum; i.e., intersection of anterior surface of MCIII and 
articular facets for magnum and MCII 
3 II Maximum point of curvature of posterior portion of articular facet for MCII 
4 I Posteromedial corner of articular facet for magnum; i.e., intersection of posterior surface of MCIII and 
articular facets for MCII and magnum 
5 I Posterolateral corner of articular facet for magnum; i.e., intersection of posterior surface of MCIII and 
articular facets for magnum and MCIV 
6 I Anterolateral corner of articular facet for magnum; i.e., intersection of anterior surface of MCIII and 
articular facets for magnum and MCIV 
7 II Maximum point of curvature of distal extent of anterior portion of articular facet for MCIV 
8 II Maximum point of curvature of constriction between anterior and posterior regions of MCIV articular facet 
9 II Maximum point of curvature of distal extent of posterior portion of articular facet for MCIV 
10 II Most medial tip of tubercle on medial side of MCIII head 
11 II Most lateral tip of tubercle on lateral side of MCIII head 
12 I Intersection of medial tubercle, medial side of MCIII head, and articular facet for proximal phallanx 
13 I Intersection of lateral tubercle, lateral side of MCIII head, and articular facet for proximal phallanx 
14 II Most distal tip of articular facet for proximal phallanx; may coincide with the origin of the median ridge 
15 II Maximum point of curvature of posterior border of median ridge 
16 I Intersection of posterior surface of MCIII shaft and median ridge of articular facet for proximal phalanx  
17 I Intersection of posterior surface of MCIII shaft, articular facet for proximal phalanx, and medial side of 
MCIII head 
18 I Intersection of posterior surface of MCIII shaft, articular facet for proximal phalanx, and lateral side of 
MCIII head 
1
Depicted visually in Figure 16 
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Figure 16: Location of 3D landmarks on MCIII. Images are of Tremarctos ornatus specimen. 
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robustness,and in the future replication error should be calculated as in Van Heteren (2009) to 
determine if it is less than intra- and interspecific shape differences. Because of the fractured 
nature of fossils, many of the A. simus specimens (as well as some comparative extant specimens 
in which two or more elements remained articulated) produced incomplete landmark datasets. In 
order to go forth with the analyses, a combination of landmarks and specimens within each 
element dataset were eliminated in order to optimize both the number of landmarks and the 
number of A. simus specimens included in the analyses. For the humerus and ulna, a second 
reduced dataset was produced in which all but the distal and proximal landmarks, respectively, 
were eliminated, and the A. simus sample size maximized. A Procrustes fit, aligned by principal 
axes, was performed on the raw landmarks using MorphoJ 1.04a (Klingenberg, 2011). Following 
the methodology of Van Heteren et al. (2009) for allometric correction, the Procrustes 
coordinates were regressed onto log centroid size as a pooled regression within species. 
Interelemental variables were run through PCA, and the resulting distribution of species in shape 
space was compared to those of the individual elements. 
Orientation of Specimens for Digital Photography 
For measurements to be comparable between specimens, it is essential that elements are 
photographed in orientations that are consistently defined between specimens and between 
species. The following defines the manner in which each element (refer to Figures 2-16) was 
oriented for photography and if followed will enable future replication of this study. Scapula: 
lateral, infraspinous and supraspinous fossae parallel to camera focus plane; medial, glenoid 
fossa perpendicular to camera focus plane (places the scapular blade at oblique angle if the 
scapular blade is mediolaterally bowed); proximal, glenoid fossa parallel to focus plane; distal, 
most distal portion of scapular spine perpendicular to focus plane. Humerus: anterior, anterior 
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border of the deltopectoral crest and capitulum/trochlea parallel to focus plane; medial, 
capitulum/trochlea perpendicular to focus plane; proximal and distal, anterior border of 
deltopectoral crest perpendicular to focus plane. Ulna: posterior, shaft parallel to focus plane and 
anteroposterior midshaft width perpendicular to focus plane (will place olecranon at oblique 
angle relative to anteroposterior midshaft width in most species); lateral, anteroposterior 
midshaft width parallel to focus plane (will place olecranon and styloid process below midshaft 
if ulna is mediolaterally bowed); posterolateral, same position as for lateral view, but rotated to 
place olecranon and semilunar notch parallel to focus plane (this is nearly the same as “lateral” 
for Canis lupus and Crocuta crocuta); proximal, shaft perpendicular to focus plane, but cocked if 
necessary to place olecranon perpendicular to focus plane; radial notch, radial notch surface 
parallel to focus plane (if strongly curved, place focus plane tangent to center of radial notch); 
distal radial articulation, surface of distal radial articular facet parallel to focus plane.  
Consistently orienting the radius of different species for photography is imprecise 
because features potentially useful for orienting the bone (e.g., radial tuberosity, long axis of 
articular surface for scapholunar, distal articulation for ulna) are typically rotated about the shaft 
long axis to inconsistent degrees between species. Thus, using any one feature as a means of 
defining the anterior view, for example, would place other features out of phase between 
photographs of multiple species. To correct for this, the orientation of the radius for photography 
was determined using the associated ulna, the pronounced shaft ellipticity of which makes 
orienting the ulna very straightforward. Radius: anterior, midshaft parallel to focus plane and 
rotated to a degree defined by articulation with the associated ulna that is, in turn, oriented with 
the anteroposterior midshaft width perpendicular to the focus plane (will place radius epiphyses 
below midshaft if strongly anteroposteriorly bowed); medial, orientation achieved when radius in 
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anterior view as defined above is rotated 90° about the shaft axis; distal, articular surface for 
scapholunar parallel to focus plane, placing styloid process approximately perpendicular to focus 
plane. 
Scapholunar: proximal, articular surface for radius parallel to focus plane; distal, articular 
surfaces for distal carpals parallel to focus plane; anterior, articular surfaces for radius and distal 
carpals perpendicular to focus plane. Magnum: distal, articular surface for MCIII parallel to 
focus plane (tangent to center of articular surface if surface is strongly curved); proximal, 
articular surface for MCIII parallel to focus plane, facing away from camera. MCIII: anterior, 
plane formed by the shaft and a line connecting the tubercles on either side of the head parallel to 
focus plane (alternatively, keel on posterodistal surface is perpendicular to focus plane); medial, 
line connecting tubercles on either side of the head perpendicular to focus plane (alternatively, 
posterodistal keel parallel to focus plane). MCIV: orientations defined same as for MCIII. 
The following describes the method in which elements were articulated for photography 
and collection of interelemental data. ELBOW: humerus and ulna articulated and extended to the 
arbitrary angle of approximately 130° with the ulna shaft parallel to and the olecranon 
perpendicular to the focus plane. The humerus is thus elevated at an angle of approximately 70° 
from the focus plane and the humeral shaft is in a vertical plane parallel to the olecranon. 
FOREARM: ulna is in position as for the variable ELBOW and radius is articulated such that the 
head rests in the radial notch of the ulna, and the distal articular facets are centered with one 
another and in complete contact (centers of articular facets touch tangentially if the facets are 
convex). WRIST: ulna and radius are articulated as for the variable FOREARM, and photograph 
is taken from distal view with the ulnar shaft perpendicular to the focus plane and the olecranon 
parallel to the left and right edges of the photograph. MANUS: if available, all carpals and 
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metacarpals of a single manus were articulated in a sandbox in an orientation such that the plane 
formed by the shaft of the third metacarpal and a line connecting the tubercles on either side of 
the head was parallel to the focus plane. Only the metacarpals were articulated when carpals 
were missing or incomplete. Replication of both scenarios indicates that the angles between the 
metacarpals are unchanged regardless of the presence or absence of the articulating carpals; 
however articulation of at least the scapholunar, trapezium, and trapezoid are required in order to 
properly orient the first metacarpal of ursids. 
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CHAPTER 3 
RESULTS 
 The following section is subdivided into the seven elements analyzed in order from most 
proximal element to most distal. Each element then is subdivided into traditional morphometric 
analyses (linear and angular variables) and geometric morphometric analyses (3-dimensional 
landmarks). Results of PCA, StepDFA, and PCA2 for the traditional morphometric analyses of 
each element and for both the All Species and Ursidae Only datasets are detailed; however, only 
PCA biplots are shown here in order to better streamline the presentation of the data. The reader 
is referred to Appendix B for StepDFA and PCA2 biplots. Additional statistical information in 
this section includes percentages of between group variability, eigenvalues, and where 
appropriate, Wilks’ Lambda. Percentages of between group variability for StepDFA are 
calculated as the square of canonical correlations. 
Scapula 
Traditional Morphometrics – All Species 
PCA 
 No pairs of variables show correlation greater than |0.47| except for SNW/GFL vs. 
SSH/(GFL/2) (0.765), indicating that no variables are sufficiently correlated to confound the 
PCA results. The analysis yielded seven principal components, the first five of which are 
described in Table 17. The first three principal components account for 41.6%, 17.9%, and 
12.8%, respectively, and the first five are required to surpass 90%. PC1 and PC2 only were 
extracted for plotting (i.e., eigenvalues ≥ 1.0; Figure 17). The component matrix reveals that all 
variables have positive correlations along PC1 except for AL/AW and SSA, the strongest of  
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Table 17: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the scapula.  
Dataset 
 
PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 41.564 17.851 12.766 12.232 8.434 92.847 
 
Eigenvalue 2.909 1.25 0.894 0.856 0.59 6.499 
Ursidae % Variance 33.34 19.406 14.831 13.715 8.552 89.844 
 
Eigenvalue 2.334 1.358 1.038 0.96 0.599 6.289 
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Figure 17: All Species PCA for scapula dataset. First two principle components are displayed 
with percent variation explained in parentheses. Variables correlated with each PC (>|0.6|) are 
shown in order of decreasing correlatedness (see Table 2 and Figure 2 for definitions). Legend is 
the same for all following biplots of traditional morphometric data. 
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which are SSH/(GFL/2) and SNW/GFL (0.878 and 0.802, respectively). Only SSA is strongly 
correlated along PC2 (0.731) while the rest are rather weakly correlated (GFL/GFW, CPL/GFW, 
and ISA positively correlated, the remainder negatively). Residuals of reproduced correlations 
are all below |2.5|, indicating that the extracted principal components are highly successful at 
accounting for the variance in the original correlation matrix and represent the original data well.  
StepDFA 
Significant mean differences were observed for the predictors SSH/(GFL/2), SNW/GFL, 
AL/AW, and CPL/GFW, but only SNW/GFL and AL/AW were entered into the analysis (Table 
18). A total of two discriminant functions revealed significant association (Wilks’ lambda for 
Functions 1 through 2, 0.430 at p < 0.000) between diet groups and these two predictors, 
accounting for 56.9% and 0.3%, respectively, of between group variability. The structure matrix 
indicates that SNW/GFL show positive correlation (0.821) with DF1, while AL/AW shows 
negative correlation (-0.628; a value of |1.0| indicates perfect correlation). Along DF2, both 
SNW/GFL and AL/AW show positive correlations (0.570 and 0.778, respectively). Cross-
validated classification results indicate that 78.6% of the known cases were correctly classified 
into diet groups (77.8% for omnivores, 80.0% for carnivores, 75.0% for herbivores). Seven of 9 
A. simus were classified as herbivorous (two as omnivorous); however, both posterior and 
conditional probabilities for these specimens are < 0.5, indicating very low confidence in these 
classifications. 
PCA2 
 The two variables selected by the StepDFA (SNW/GFL and AL/AW; correlation -0.366) 
were run through PCA2. Two principal components were generated, accounting for 68.3% and 
31.7%, respectively, but only PC1 was extracted (Appendix B). The component matrix reveals  
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Table 18: Species averages for scapula variables entered into the All Species and Ursidae Only 
StepDFA for diet groups. Species names are abbreviated to first two letters (first three for U. 
maritimus and U. malayanus). All data per specimen are provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
AL/AW 1.07 1.06 0.98 1.48 1.4 1.6 1.5 2.3 1.4 
SNW/GFL 1.2 1.44 1.37 1.39 1.29 1.22 1.00 1.09 0.98 
SSA 75.60 65.62 65.70 60.36 91.49 83.76 94.59 65.00 94.56 
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that AL/AW is positively correlated with PC1 (0.826) while SNW/GFL is negatively correlated 
(0.826), and residuals of reproduced correlations are 0.317 each. 
Taditional Morphometrics – Ursidae Only 
PCA 
 Variables generally show slightly more correlation than the All Species sample with SSA 
vs. SNW/GFL, GFL/GFW vs. SSH/(GFL/2), and SSH/(GFL/2) vs. SNW/GFL showing the 
highest correlations (-0.401, 0.444, and 0.635 respectively). The remainder is all below |3.5|, 
indicating that the PCA should not be considerably confounded by correlated variables. The 
analysis generated seven principal components (Table 17), the first three accounting for 33.3%, 
19.4%, and 14.8%. Six are required to account for over 90% of the variation, and the first three 
were extracted (Figure 18). The component matrix indicates that SSH/(GFL/2), SNW/GFL, and 
GFL/GFW show the highest positive correlation with PC1 (0.799, 0.754, and 0.653, 
respectively) and SSA shows a high negative correlation (-0.665). The highest correlations with 
PC2 are IFSA and AL/AW (0.725 and 0.621, respectively), and the highest with PC3 are 
GFL/GFW and IFSA (-0.535 and -0.530, respectively). Residuals of reproduced correlations are 
all below |2.33|, suggesting that the extracted principal components were successful at 
representing and describing the original data.  
StepDFA 
Significant mean differences were only observed for SNW/GFL and AL/AW (p < 0.031 
and 0.001, respectively). Wilks’ lambdas for the remaining variables are over 0.8. AL/AW and 
SSA were entered into the analysis, and two discriminant functions (Wilks’ lambda for functions 
1-2 = 0.343) were generated that account for 58.8% and 16.6% of the between group variance,  
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Figure 18: Ursidae Only PCA for scapula dataset. First three principal components are displayed with percent variation explained in 
parentheses. Variables correlated with each PC (|>0.5|) are shown in order of decreasing correlatedness (see Table 2 and Figure 2 for 
definitions). Legend is as in Figure 17.
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respectively (Appendix B). The structure matrix demonstrates strong positive correlation of 
AL/AW (0.728) with DF1 and very strong positive correlation of SSA (0.991; followed by 
AL/AW, 0.686) with DF2. Cross-validated classification results indicate that 84.6% of the 
known cases were correctly classified into diet groups (83.3% for omnivores, 75.0% for 
carnivores, 100% for herbivores). All specimens of A. simus were classified as omnivorous, and 
high conditional and posterior probabilities (> 0.86) suggest strong confidence in these 
classifications. 
PCA2 
 SSA and AL/AW were entered into PCA2 and show very weak positive correlation 
(0.331).  Two principal components resulted that account for 66.6% and 66.4%, respectively, and 
only the first was extracted. The component matrix indicates that both are strongly positively 
correlated with PC1 (0.816, each). Residuals of reproduced correlations are -0.334 each, 
indicating that the extracted principal component is successful at representing and describing the 
original data. 
Geometric Morphometrics – All Species 
 Due to fractured fossil specimens of A. simus, only landmarks 1, 3-6, and 9 were included 
in the All Species GM analysis. This means that the mediolateral width of the glenoid fossa 
(LM1 to LM2) and the height of the scapular spine and extent to which the acromion extends 
distal to the glenoid fossa (both represented by LM7) are not captured in the analyses currently 
reported. Future attempts to estimate missing landmarks will correct for this. PCA of the 
regression residuals produced by regressing the 3-dimensional Procrustes coefficients against log 
centroid size (see Methods) resulted in 11 principal components, the first three of which account 
for 47.0%, 16.4%, and 12.3% of the variation. Six are required to account for over 90%. The first 
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three PCs are plotted in Figure 19, and shape change is demonstrated by wireframes along each 
axis. Relative shape change along PC1 is dominated by the posterior translation of LM1 and 
anterior translation of LM3 and LM 9 relative to all other LMs. PC2 describes slight 
counterclockwise rotation of LM3-5 about LM 4, resulting in progressive anteromedial 
displacement of LM3 and anterolateral displacement of LM4-5 with increasingly positive PC2 
loadings. Simultaneously, LM1 and LM9 translate posteriorly. With increasingly positive 
loadings on PC3, LM4 translates strongly posteriorly, LM3 translates laterally, LM5 deflects 
anteromedially, and LM1 translates slightly anterolaterally relative to LM9. 
Humerus 
Traditional Morphometrics – All Species 
PCA 
 Most paired variables show correlations below |0.5|, though several pairs yield 
correlations as high as approximately |0.75|, indicating that the PCA should not be terribly 
confounded by correlated variables (though the removal of several variables may improve the 
results). Thirty-eight principal components were generated, the first five of which are described 
in Table 19. The first three PCs account for 30.4%, 14.9%, and 10.2%, respectively, and 12 are 
required to surpass 90% of the observed variation. Eight PCs were extracted, and the first three 
are plotted in Figure 20. The component matrix reveals that the strongest correlations with PC1 
are HTL/CTW (0.940), HDL/HDW (0.905), HCL/CTW (0.882), TCL/HL (0.868), HPL/HAPW 
(0.860), HTL/HL (0.812), and TCL/HCL (0.809), indicating that the most important shape 
variation occurs predominantly in the region of the trochlea and capitulum. Other less significant 
correlations with PC1 are with ARCCOS(DPCW/GTW) (0.716), GTW/DPCL (0.667),  
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Figure 19: 3D landmark PCA for scapula (glenoid fossa) dataset. Inner wireframes, proximal view; outer wireframes, lateral view. 
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Figure 19 (continued)
PC2 (16.379%) 
P
C
3
 (
1
2
.2
5
5
%
) 
-0.2 
-0.1 
0.1 
0.2 
0.1 0.2 -0.1 -0.2 
72 
 
Table 19: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the humerus. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 30.398 14.894 10.186 8.305 7.065 70.848 
 
Eigenvalue 11.551 5.66 3.871 3.156 2.685 26.923 
Ursidae % Variance 23.561 15.077 13.054 9.236 6.438 67.366 
 
Eigenvalue 8.953 5.729 4.96 3.51 2.446 25.598 
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Figure 20: All Species PCA for humerus traditional morphometric dataset. First three principal components are displayed with 
percent variation explained in parentheses. Variables correlated with each axis (>|0.8|) are shown in order of decreasing correlatedness 
(see Table 3 and Figure 3 for definitions). Legend is as in Figure 17.
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HMLW/HL (-0.625), and DPCL/HL (-0.630). Strong correlations with PC2 include HPW/HL 
(0.870), HAPW/HL (0.823), HPL/HL (0.797), and HDL/HL (0.633); those correlated with PC3 
include BGA (-0.702), SCRW/(HMLW/2) (0.676), HDL/HAPW (0.633), and HDL/HL (0.620). 
Residuals of reproduced correlations are all less than |1.0| and most are well below this, 
indicating that the extracted principal components are very successful at representing and 
describing the original data. 
StepDFA 
 Significant differences of group means were found for GTW/DPCL (F=24.534), 
HPL/HPW (F=23.453), HDL/HDW (F=23.160), HPL/HL (F=19.264), and additional variables 
describing the relative length of the deltopectoral crest and the shape of the capitulum and 
trochlea, all significant at p<0.000. Variables included in the analysis were GTW/DPCL, 
HPL/HPW, BGA, TCL/HL, and HAPW/HMLW, and two discriminant functions resulted that 
account for 82.3% and 39.1% of the between group variance, respectively (Wilks’ lambda for 
functions 1 through 2=0.108; Appendix B). The structure matrix indicates that GTW/DPCL and 
HPL/HPW show relatively strong positive correlation with DF1 (0.505 and 0.497, respectively), 
and BGA shows strong positive correlation with DF2 (0.602). The remaining two variables, 
TCL/HL and HAPW/HMLW show weak positive correlations with DF1 and very weak negative 
and positive correlations, respectively, with DF2. Cross-validated classification results indicate 
that 87.9% of the known cases were correctly classified into diet groups (88.2% for omnivores, 
90.0% for carnivores, 100% for herbivores). Fifteen of 16 A. simus were classified as 
herbivorous (one as omnivorous), but while posterior probabilities for these specimens were all 
quite high (0.530-0.978), conditional probabilities were less than 0.5, indicating that A. simus 
plots on the periphery of the herbivore morphospace. 
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PCA2 
 The variables selected by the StepDFA as significant were entered into PCA2. No 
variables showed correlations with one another over |0.574| (HTL/HL vs. GTW/DPCL). Five 
principal components were generated (Appendix B), the first three accounting for 46.5%, 19.6%, 
and 17.2%, respectively. Only the first was extracted and is displayed in Appendix B. The 
component matrix indicates that GTW/DPCL shows the strongest positive correlation with PC1 
(0.899) while the remaining variables are strongly to moderately positively correlated with this 
axis. Residuals of reproduced correlations are all below |0.312| and indicate that PCA2 was 
successful at representing and describing the variation in the original data. Species averages for 
these variables are presented in Table 20. 
Traditional Morphometrics – Ursidae Only 
PCA 
 Most of the variables exhibit low correlations with the exception of HDL/HL vs. TCL/HL 
(0.808), HPL/HL vs. HPL/HPW (0.787) and HAPW/HL vs. HPL/HAPW (-0.705), indicating 
that variables are sufficiently uncorrelated. Thirty-eight principal components were generated, 
the first three of which account for 23.6%, 15.1%, and 13.1% of the variation (Table 19). Twelve 
are required to account for over 90%, and of the nine extracted PCs the first three are reproduced 
in Figure 21. The component matrix indicates that HDL/HL (0.918), TCL/HL (0.898), HDW/HL 
(0.897), and TCL/HTL (0.773) show the strongest positive correlations with PC1 with weaker 
positive correlations describing the robustness of the proximal and distal humerus, the relative 
width and length of the deltopectoral crest, and the shape of the trochlea and capitulum. 
HMLW/HL (-0.768) and DPCW/HPW (-0.702) are strongly negatively correlated with PC2, 
while ARCCOS(DPCW/GTW), HBA, HPW/HMLW, and HPL/HAPW are positively correlated  
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Table 20: Species averages for humerus variables entered into the All Species and Ursidae Only 
StepDFA for diet groups. Species names are abbreviated to first two letters. All data per 
specimen are provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
GTW/DPCL 0.27 0.27 0.28 0.29 0.29 0.25 0.33 0.42 0.40 
HPL/HPW 1.20 1.14 1.20 1.27 1.07 1.06 1.37 1.32 1.23 
BGA 31.89 26.86 22.84 25.94 26.57 32.30 27.20 34.02 32.65 
TCL/HL 0.032 0.036 0.044 0.051 0.041 0.037 0.065 0.038 0.071 
HAPW/HMLW 1.17 1.11 1.14 1.31 1.15 1.16 1.16 1.44 1.24 
HPL/HL 0.23 0.23 0.24 0.26 0.22 0.21 0.23 0.29 0.30 
HTL/CTW 0.38 0.37 0.38 0.35 0.32 0.41 0.67 0.44 0.64 
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Figure 21: Ursidae Only PCA for humerus dataset. The tight clustering displayed by A. simus is likely exaggerated by the large 
number of species averages used to replace missing values (see Appendix A). Legend is as in Figure 17.
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with PC2 (0.682, 0.677, 0.670, and 0.627, respectively). HPL/HPW, HBI/HL, HCL/HTL, 
HPL/HL, and HDL/HDW are strongly correlated with PC3 (0.845, 0.772, -0.659, 0.645, and 
0.633). All residuals of reproduced correlations are below |1.0|, indicating that the PCA was 
successful at representing and describing the original data. 
StepDFA 
 Significant differences between group means were found for HPL/HL (F=20.449), 
HPL/HPW (F=13.663), HDL/HL (F=11.420), and GTW/DPCL (F=10.492) at p<0.000 for all but 
GTW/DPCL (p<0.001). Only HPL/HL and HTL/CTW were entered into the analysis, and two 
discriminant functions were generated that account for 78.9% and 11.1%, respectively, of the 
between group variance (Wilks’ lambda for functions 1 through 2=0.188). The structure matrix 
indicates that HPL/HL is positively correlated to DF1 (0.694), while HTL/CTW is negatively 
correlated (-0.249), and both are positively correlated with DF2 (0.720 and 0.969, respectively). 
Cross-validated classification results indicate that the StepDFA correctly classified 84.0% of the 
known specimens (88.2% of omnivores, 75.0% of carnivores, 75% of herbivores). Fifteen of 16 
A. simus were classified as omnivorous (one as herbivorous), and posterior probabilities were 
very high (0.521-0.987) and 10 or 16 specimens yielded conditional probabilities between 0.716 
and 0.972. 
PCA2 
 The two variables selected by the StepDFA show extremely weak correlation (-0.009), 
indicating that their correlation will not confound the results of PCA2. Two principal 
components resulted (50.4% and 49.6% of the variance, respectively) from which one was 
extracted. The component matrix indicates that HPL/HL is strongly positively correlated with 
PC1 (0.710) while HTL/CTW is strongly negatively correlated (-0.710). Residuals of reproduced  
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correlations are 0.496 for both variables. Though below 0.5, these values may indicate that the 
principal components generated from only these two variables are not as successful at 
representing the entirety of variance within the original data. 
Geometric Morphometrics – All Species 
All landmarks were used for the humerus analyses of 3-dimensional landmarks, though 
several specimens of A. simus had to be eliminated due to missing landmarks. Due to fractured 
fossil specimens of A. simus, only landmarks 1, 3-6, and 9 were included in the present analysis. 
PCA of the regression residuals (see Materials and Methods) generated 49 principal components, 
the first three accounting for 54.0%, 18.5%, and 5.2% of the variation. The first seven are 
required to surpass 90%, and the first three are plotted in Figure 22. Relative shape change along 
PC1, visually demonstrated by wireframes in Figure 22, is dominated by the distal translation of 
LM8 down the humeral shaft, the proximolateral translation of LM11, and the translation of 
LM12-20 away from the midline of the humerus. Additionally, LM1 strongly deflects 
anteromedially while LM2 deflects posterolaterally. With increasing loadings along PC2, LM1-2 
become progressively closer, LM8 translates distally, LM11 translates proximolaterally, and 
LM13 deflects proximomedially (Figure 22). LM19 deflects slightly anteromedially, LM20 
medially, and LM15-16 anterolaterally (Figure 22). PC3 shows similar movement of LM15-16 
and LM19-20 as on PC2, but with more pronounced translation of LM4 and LM7 distomedially 
and LM1-2 proximolaterally. More importantly, there is a strong posterior component to the 
movement of LM2, LM4, and LM7 with an associated anterodistal translation to LM6.  
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Figure 22: 3D landmark PCA for humerus dataset. Wireframes are in anteroposterior view. Legend as in Figure 19. 
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Figure 22 (continued): Additional light pink datapoint is Amphicyon ingens.
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Ulna 
Traditional Morphometrics – All Species 
PCA 
 Eight variable pairs show correlation greater than |0.700|: RNL/UAPW vs. UAPW/UL (-
0.861), UAPW/UL vs. UAPW/UMLW (0.791), USPL/UAPW vs. UAPW/UMLW (-0.776), 
USPL/UAPW vs. UHL/UHW (0.756), RNL/UAPW vs. UAPW/UMLW (-0.755), UMLW/UL 
vs. UAPW/UL (0.731), UHL/UHW vs. UAPW/UL (-0.717), and OLA2 vs. UAPW/UL (0.701). 
While the success of the PCA would likely increase with the removal of some of these variables, 
all correlations are below |0.900| and likely do not significantly confound the results. Twenty-one 
principal components were generated, the first three accounting for 40.7%, 11.6%, and 8.4% of 
the variance, respectively (Table 21). Ten are required to account for over 90%. The first six 
were extracted, and Figure 23 displays the first three. Strong positive correlations with PC1 are 
demonstrated by UAPW/UL (0.931), UHD/WUHD (0.837), UAPW/UMLW (0.805), OLA2 
(0.754), USPW/USPL (0.735), and UHA (0.709). Strong negative correlations with PC1 are 
demonstrated by USPL/UAPW (-0.935), RNL/UAPW (-0.859), UHL/UHW (-0.796), and 
SLNL/SLND (-0.711). The strongest correlation with PC2 is shown by WSLND/SLND (0.681), 
while PNW/OL2 and SLNL/UL are positively correlated with PC3 (0.652 and 0.636, 
respectively). Residuals of reproduced correlations are all well below |1.0| with rare exceptions, 
indicating that the PCA was successful at representing and describing the variation in the original 
data. 
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Table 21: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the ulna. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 40.671 11.63 8.41 6.74 6.519 73.97 
 
Eigenvalue 8.541 2.442 1.766 1.415 1.369 15.533 
Ursidae % Variance 17.263 14.288 11.205 10.776 9.216 62.748 
 
Eigenvalue 3.625 3.001 2.353 2.263 1.935 13.177 
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Figure 23: All Species PCA for ulna dataset. First three principle components are displayed with percent variation explained in 
parentheses. Variables correlated with each PC (>|0.6|) are shown in decreasing order of correlatedness (see Table 4 and Figure 4 for 
definitions). Legend is as in Figure 17.
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StepDFA 
 Differences between group means were significant at p<0.007 or less for 13 of the 21 
variables where UHD/WUHD (F=31.442), USPW/USPL (F=19.900), USPL/UAPW (F=15.205), 
RNL/UAPW (F=14.941), OLA2 (F=14.736), OLA1 (F=13.121), UHL/UHW (F=12.274), and 
UBA (F=11.399) demonstrate the greatest group mean differences (p<0.000). UHD/WUHD, 
OLA1, WSLND/SLND, and USPW/USPL were entered into the analysis, resulting in two 
discriminant functions that account for 68.9% and 37.8% of the between group variance (Wilks’ 
lambda for functions 1 through 2=0.193; Appendix B). The structure matrix reveals strong 
positive correlation of UHD/WUHD (0.800) and USPW/USPL (0.609) with DF1 and relatively 
strong positive correlation of OLA1 (0.863) with DF2. WSLND/SLND is weakly negatively 
correlated with DF1 (-0.178) and positively correlated with DF2 (0.066). Results of cross-
validated classifications show that 83.0% of the known cases were classified correctly (85.7% 
for omnivores, 77.3% for carnivores, 100.0% for herbivores). All 13 specimens of Arctodus 
simus were classified as omnivorous with extremely high posterior probabilities (0.908-1.000) 
and relatively high conditional probabilities (0.626-0.927; two specimens fall below this range at 
0.069 and 0.329). 
PCA2 
 The four variables selected by the StepDFA were entered into PCA2 and no strong 
correlatiions were found between the variables. Four principal components were generated, the 
first three accounting for 51.8%, 26.3%, and 13.0% of the variance, respectively. The two 
extracted PCs are plotted in Appendix B. The component matrix indicates that USPW/USPL and 
UHD/WUHD are strongly positively correlated with PC1 (0.806 and 0.774, respectively), and 
OLA1 and WSLND/SLND are negatively correlated (-0.730 and -0.541, respectively). All 
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variables are positively correlated with PC2, with WSLND/SLND yielding the strongest 
relationship (0.718). All residuals of reproduced correlations are sufficiently low to indicate that 
PCA2 was successful at representing and describing the original data. Species averages for these 
variables are presented in Table 22. 
Traditional Morphometrics – Ursidae Only 
PCA 
 Only one pair of variables was found to be relatively strongly correlated (UMLW/UL vs. 
USPW/UMW, -0.730), suggesting that the dataset is sufficiently uncorrelated to allow the PCA 
to be successful. Twenty-one principal components were generated, the first 11 being necessary 
to surpass 90% of the explained variation. The first three PCs account for 17.3%, 14.3%, and 
11.2% of the variance, respectively (Table 21). The first seven were extracted, and the PC1-PC3 
were plotted in Figure 24. The component matrix reveals strong negative correlations of 
UAPW/UL and OL/USL with PC1 (-0.838 and -0.658, respectively), and relatively strong 
positive correlations of UMLW/UL and USPW/USPL with PC2 (0.661 and 0.625, respectively). 
USPL/UAPW is somewhat strongly negatively correlated with PC2 (-0.643). SLNL/UL is very 
strongly positively correlated with PC3 (0.885). All residuals of reproduced correlations are less 
than |1.22|, indicating that the PCA was successful at representing and describing the original 
data. 
StepDFA 
 Significant differences for group means were found for four variables (p<0.001 or less): 
OL/USL (F=13.211), RNL/UAPW (F=11.857), OLA1 (F=11.623), and UAPW/UL (F=8.860).  
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Table 22: Species averages for ulna variables entered into the All Species
1
 and Ursidae Only
2
 
StepDFA for diet groups. Species names are abbreviated to first two letters. All data per 
specimen are provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
UHD/WUHD
1,2 
1.67 1.92 1.79 1.42 1.71 1.75 0.64 1.23 0.42 
OLA1
1,2 
32.85 30.55 28.59 26.32 31.94 20.00 33.04 35.96 33.10 
WSLND/SLND
1 
2.01 2.18 1.97 1.95 2.00 2.03 1.99 2.62 2.19 
USPW/USPL
1 
1.29 1.29 1.25 1.13 1.07 1.32 0.85 0.98 0.90 
OL/USL
2 
0.20 0.22 0.23 0.26 0.26 0.22 0.21 0.26 0.24 
RNL/UAPW
2 
1.13 0.98 1.09 0.96 1.05 1.29 1.65 1.29 1.56 
UAPW/UAPDW
2 
1.64 1.66 1.50 1.34 1.51 1.59 1.33 1.66 1.13 
RNL/RNW
2 
2.98 2.65 3.08 2.14 2.59 2.84 3.69 3.17 4.52 
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Figure 24: Ursidae Only PCA for ulna dataset. First three principle components are displayed with percent variation explained in 
parentheses. Variables correlated with each PC (>|0.6|) are shown in order of decreasing correlatedness (see Table 4 and Figure 4 for 
definitions). Legend is as in Figure 17.
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Wilks’ lambda for the remaining variables ranges from 0.750 to 0.985. Six variables entered into 
the analysis were OL/USL, OLA1, RNL/UAPW, UAPW/UAPDW, RNL/RNW, and 
UHD/WUHD, resulting in two discriminant functions that account for 83.0% and 68.9% of the 
between group variance, respectively (Appendix B). The structure matrix reveals weak negative 
correlations of RNL/UAPW (-0.429), UAPW/UAPDW (-0.097), and RNL/RNW (-0.074) with 
DF1 and weak positive correlations of OLA1 (0.373) and OL/USL (0.335). Alternatively, 
OL/USL is negatively correlated with DF2 (-0.461). According to the cross-validated 
classification results, the discrimant functions were successful at classifying 93.1% of the known 
cases (90.5% for omnivores, 100.0% for carnivores, 100.0% for herbivores). Twelve of 13 A. 
simus specimens were classified as omnivorous (one as herbivorous) and had extremely high 
posterior probabilities (0.999-1.000), but extremely low conditional probabilities (0.000-0.240). 
PCA2 
 The six variables entered into the StepDFA were entered into PCA2, and no two 
variables were significantly correlated. Six principal components were generated, and the first 
five are required to account for over 90% of the variance. The first three were extracted and 
account for 31.1%, 23.7%, and 20.8% of the total variation (Appendix B). The component matrix 
indicates that UAPW/UAPDW is strongly positively correlated with PC1 (0.763) while OL/USL 
is strongly negatively correlated with this axis (-0.846). RNL/UAPW is strongly positively 
correlated with PC2, while OLA1 is strongly negatively correlated (-0.652). Finally, 
UHD/WUHD is strongly positively correlated with PC3 (0.817). Residuals of reproduced 
correlations are all below |0.141|, indicating that PCA2 was successful at representing and 
describing the original data using only these six variables. 
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Geometric Morphometrics – All Species 
 All landmarks were used for this analysis, though several specimens of Arctodus simus 
had to be eliminated due to missing landmarks. PCA of the regression residuals (see Materials 
and Methods) resulted in 38 principal components, the first 11 of which are required to account 
for over 90% of the variance. The first three PCs account for 33.2%, 19.6%, and 12.7% and are 
plotted in Figure 25. Relative changes of LM position with increasing PC1 loadings include the 
anteroproximal translation of LM2-3 and the posteroproximal translation of LM4, movement of 
LM5-8 away from the midline of the ulnar shaft, and translation of LM9-15 outward from the 
center of the olecranon. Shape change with increasing loadings along PC2 is quite different, 
demonstrating proximal translation of LM1-3 and distal translation of LM4 distally. LM9-15 
migrate inwards towards the center of the olecranon. With increasing PC3 loadings, LM1-3 
translate posteriorly toward the ulnar shaft midline, and LM4 translates anteroproximally. LM13 
and LM14 deflect posteriorly. 
Radius 
Traditional Morphometrics – All Species 
PCA 
 Correlations between variables are sufficiently low with the two highest being RAPW/RL 
vs. RHAPW/RAPW (-0.735) and RAPW/RMLW vs. RHMLW/RMLW (0.701). Fourteen 
principal components were generated of which seven are required to account for over 90% of the 
variation. Five PCs were extracted (Table 23), and the first three account for 36.1%, 18.0%, and 
10.6% of the total variation (Figure 26). Several variables show strong correlations with PC1, 
including RAPW/RMLW (0.951), RAPW/RL (0.868), RSLW/RAPW (-0.758), RHA (-0.730),
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Figure 25: 3D landmark PCA for ulna dataset. Wireframes approximate mediolateral view. Legend as in Figure 19. 
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Figure 25 (continued): Additional light pink datapoint is Amphicyon ingens.
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Table 23: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the radius. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 36.115 18.045 10.62 10.214 8.253 83.247 
 
Eigenvalue 5.056 2.526 1.487 1.43 1.155 11.654 
Ursidae % Variance 27.404 21.254 13.029 10.214 9.513 81.414 
 
Eigenvalue 3.837 2.976 1.824 1.43 1.332 11.399 
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Figure 26: All Species PCA for radius dataset. First three principle components are displayed with percent variation explained in 
parentheses. Variables correlated with each PC (>|0.6|) are showin in order of decreasing correlatedness (see Table 5 and Figure 5 for 
definitions). Legend is as in Figure 17. 
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RHMLW/RMLW (0.715), and RSPH/RL (0.707). The variable RMLW/RL is strongly positively 
correlated with PC2 (0.771), and RHAPW/RAPW shows somewhat weaker positive correlation 
with PC3 (0.665). Residuals of reproduced correlations are all less than |0.134|, indicating that 
the PCA was successful at representing and describing the variation in the original data. 
StepDFA 
 Significant differences between group means (p<0.05 or less) were found, in order of 
decreasing significance, for RHA (F=27.974), RBI/RL (F=12.581), RSLW/RAPW (F=10.029), 
RSLL/RDW (9.700), RAPW/RMLW (F=8.476), RSPH/RL (F=8.036), RAPW/RL (F=5.857), 
RHAPW/RHMLW (F=5.045), RHMLW/RMLW (F=4.352), RSLL/RSLW (F=4.118). Only the 
variables RHA and RSLL/RDW were entered into the analysis (Table 24), and two discriminant 
functions resulted that account for 64.5% and 6.8% of the between group variance (Appendix B). 
The structure matrix reveals a strong positive correlation between DF1 and RHA (0.851) and a 
weak positive correlation between RSLL/RDW and this axis (0.473). Alternatively, RSLL/RDW 
is strongly positively correlated with DF2 (0.881) while RHA is moderately negatively 
correlated with this axis (-0.525). Cross-validated classification results indicate that the StepDFA 
correctly classified 75.6% of the known cases (73.7% of omnivores, 81.8% of carnivores, 50.0 of 
herbivores). Thirteen of 14 A. simus were classified as carnivorous (one as omnivorous), and 
posterior and conditional probabilities for this classification are varied (0.473-0.999 and 0.047-
0.801, respectively). 
PCA2 
 The two variables selected by the StepDFA were entered into PCA2 and correlation is 
sufficiently low (0.337) for PCA2 to be unaffected by this correlation. Two principal 
components were generated that account for 66.9% and 33.1% of the variation, respectively, and 
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Table 24: Species averages for radius variables entered into the All Species
1
 and Ursidae Only
2
 
StepDFA for diet groups. Variables for the Ursidae Only analysis were found to have significant 
group mean differences, but were not entered into the analysis. Species names are abbreviated to 
first two letters. All data per specimen are provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
RHA
1 
76.59 67.41 64.90 69.41 65.69 67.21 84.90 85.74 87.02 
RSLL/RDW
1 
0.78 0.71 0.74 0.73 0.66 0.64 0.79 0.78 0.74 
RSPH/RL
2 
0.06 0.06 0.06 0.07 0.06 0.06 0.02 0.05 0.04 
RSLL/RSLW
2 
1.71 1.81 2.17 1.94 1.59 1.48 1.76 1.92 1.83 
RSLL/RMLW
2 
1.75 1.55 1.63 1.89 1.73 1.51 1.41 1.77 1.45 
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only PC1 was extracted (Appendix B). The component matrix indicates that both variables are 
strongly positively correlated with PC1 (0.818). Residuals of reproduced correlations are 
sufficiently low to indicate that PCA2 was successful at representing and describing the variation 
in the original data. 
Traditional Morphometrics – Ursidae Only 
PCA 
 Correlation between variables are sufficiently low with the highest correlations found for 
RHAPW/RAPW vs. RAPW/RL (-0.817), RHMLW/RMLW vs. RMLW/RL (-0.783), and 
RAPW/RMLW vs. RAPW/RL (0.740). A total of 14 principal components were generated, of 
which seven are required to account for over 90% of the variation in the data. The first five were 
extracted, and the first three account for 27.4%, 21.3%, and 13.0% of the variation, respectively 
(Table 23, Figure 27). The component matrix reveals a very strong negative correlation between 
PC1 and the variables RAPW/RMLW (-0.903) and RHMLW/RMLW (-0.759) and a strong 
positively correlation between RMLW/RL and this axis (0.774). RSLW/RAPW and 
RHAPW/RAPW show strong negative correlation with PC2 (-0.767 and -0.751, respectively), 
and RAPW/RL and RSLL/RDW show strong positively correlation with this axis (0.760 and 
0.702, respectively). RHA is strongly positively correlated with PC3 (0.710). Residuals of 
reproduced correlations are sufficiently low (< |0.215|) to indicate that the PCA was successful at 
representing and describing the variance in the original data. 
StepDFA 
 Differences between group means were significant (p<0.05) for RSPH/RL (F=3.598), 
RSLL/RSLW (F=3.606), and RSLL/RMLW (F=3.463). No variables met the requirements to be  
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Figure 27: Ursidae Only PCA for radius dataset. First three principle components are displayed with percent variation explained in 
parentheses. Variables correlated with each PC (>|0.7|) are showin in order of decreasing correlatedness (see Table 5 and Figure 5 for 
definitions). Legend is as in Figure 17. 
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entered into the analysis, so the StepDFA was terminated and no PCA2 was possible. For the 
sake of comparison, species averages for these three variables are given above in Table 24. 
Geometric Morphometrics – All Species 
 Principal components analysis of the allometrically-corrected 3D radius landmarks 
resulted in 38 principal components, 11 of which are required to surpass 90% of the variation. 
The first three PCs account for 39.6%, 16.7%, and 8.6% of the variation and are plotted in Figure 
28. Shape change associated with PC1 includes the proximolateral-anterior translation of LM2, 
4, and 6; the proximolateral-posterior translation of LM3, 5, and 7; the medial translation of LM1 
and LM8, the proximoposterior translation of LM13-14, and the anterormedial translation of 
LM15. LM12 is completely unchanged. Similar shape change is associated with increasing 
loadings on PC2, with the notable exception of the strong distal translation of LM12 down the 
radial shaft, the distal translation of LM1, and the anterior translation of LM14. Shape change 
associated with increasing PC3 loadings are quite different featuring a strong proximoanterior 
translation of LM8 and 7; distolateral-anterior translation of LM2 and 4; distolateral-posterior 
translation of LM5 and 6; slight proximolateral translation of LM12; distoanterior translation of 
LM15; and proximoanterior translation of LM13. 
Scapholunar 
Traditional Morphometrics – All Species 
PCA 
 The only variable pair that shows relatively high correlation is SLML/SLMW vs. 
SLMW/SLRL (-0.827), but because most of the correlation between variables is very low, it can  
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Figure 28: 3D landmark PCA for radius dataset. Inner wireframes approximate mediolateral view; inner wireframes mediolateral. 
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Figure 28 (continued): Legend as in Figure 19. Additional light pink datapoint is Amphicyon ingens.
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be safely assumed that the PCA is not affected. A total of nine principal components were 
generated, and six are required to surpass 90% of the variation in the data. The first four were 
extracted (Table 25), and the first three (Figure 29) account for 30.3%, 21.4%, and 18.6% of the 
variation. The component matrix indicates that SLML/SLMW and SLML/SLRW are strongly 
positively correlated with PC1 (0.890 and 0.724, respectively), and SLMW/SLRL is negatively 
correlated with this axis (-0.822). SLTTW/SLRL is negatively correlated with PC2 (-0.817), 
while SLPPL/SLRW is positively correlated (0.702). Weaker correlations are associated with 
PC3, namely SLAD/SLW (-0.670), SLRL/SLW (0.656), and SLRL/SLRW (0.616). Residuals of 
reproduced correlations are sufficiently low (<|0.209|) indicating that the PCA was successful at 
representing and describing the variation in the original data. 
StepDFA 
 Significant differences between group means (p<0.05 or less) were found for five 
variables: SLPPL/SLRW (F=22.825), SLTTW/SLRL (F=11.641), SLRL/SLRW (F=9.315), 
SLTA (F=8.648), and SLRL/SLW (F=4.291). Only three (SLPPL/SLRW, SLTA, and 
SLRL/SLRW) were entered into the analysis, and two discriminant functions resulted that 
account for 69.4% and 28.3% of the between group variance (Wilks’ lambda for functions 1 
through 2 = 0.219; Appendix B). The structure matrix reveals that SLPPL/SLRW is strongly 
negatively correlated with DF1 (-0.736), while SLTA and SLRL/SLRW are weakly positively 
correlated with this axis (0.372 and 0.382, respectively). SLRL/SLRW shows strong positive 
correlation with DF2, and SLTA shows moderately strong negative correlation with this axis (-
0.621). Cross-validated classification results show that 82.5% of the known cases were classified 
correctly (75.0% for omnivores, 90.0% for carnivores, 75.0% for herbivores). Eight of 10 A. 
simus were classified as omnivorous (two as carnivorous), and posterior and conditional  
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Table 25: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the scapholunar. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 29.9.55 21.385 18.551 11.169 7.285 58.39 
 
Eigenvalue 2.696 1.925 1.67 1.005 0.656 7.952 
Ursidae % Variance 36.906 22.831 12.366 9.248 6.726 88.077 
 
Eigenvalue 3.321 2.055 1.113 0.832 0.605 7.926 
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Figure 29: All Species PCA for scapholunar dataset. First three principle components are displayed with percent variation explained 
in parentheses. Variables correlated with each PC (>|0.6|) are showin in order of decreasing correlatedness (see Table 6 and Figure 6 
for definitions). Legend is as in Figure 17. 
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probabilities for this classification were both moderately high (0.477-0.979 and 0.279-0.888, 
respectively). 
PCA2 
 The three variables selected by the StepDFA were entered into PCA2, and no variables 
were highly correlated to another. Three principal components resulted that account for 46.2%, 
31.2%, and 22.6% of the total variation, and one was extracted (Appendix B). The component 
matrix indicates that SLRL/SLRW and SLTA are positively correlated with PC1 (0.704 and 
0.512, respectively), while SLPPL/SLRW is strongly negatively correlated (-0.792). Residuals of 
reproduced correlations are sufficiently low to indicate that PCA2 was successful at representing 
and describing the original data. Species averages for these variables are presented in Table 26. 
Traditional Morphometrics – Ursidae Only 
PCA 
The pairs SLML/SLMW vs. SLMW/SLRL, SLML/SLRW vs. SLMW/SLRL, and 
SLML/SLRW vs. SLML/SLMW show strong correlations (-0.929, -0.718, and 0.747, 
respectively), indicating that the power of the PCA may be slightly increased if one or more of 
these variables was removed. Analysis of all variables resulted in nine principal components of 
which six are required to surpass 90% of the variation. Three were extracted that account for 
36.9%, 22.8%, and 12.4% of the total variation (Table 25, Figure 30). The component matrix 
reveals strong positive correlations with PC1 for SLML/SLMW (0.887), SLML/SLRW (0.745), 
and SLTTW/SLRL (0.711), while SLMW/SLRL is strongly negatively correlated with PC1 (-
0.796). SLRL/SLRW is strongly positively correlated with PC2 (0.786), and SLTA is very 
strongly positively correlated with PC3 (0.930). Residuals of reproduced correlations are  
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Table 26: Species averages for scapholunar variables entered into the All Species
1
 and Ursidae 
Only
2
 StepDFA for diet groups. Variables for the Ursidae Only analysis were found to have 
significant group mean differences, but were not entered into the analysis. Species names are 
abbreviated to first two letters. All data per specimen are provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
SLPPL/SLRW
1 
0.66 0.73 0.68 0.76 0.86 0.80 0.37 0.28 0.12 
SLTA
1,2 
127.61 126.03 125.39 136.22 125.31 133.04 134.51 131.00 132.26 
SLRL/SLRW
1,2 
1.52 1.55 1.61 1.60 1.47 1.37 1.67 1.58 1.50 
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Figure 30: Ursidae Only PCA for scapholunar dataset. First three principle components are displayed with percent variation explained 
in parentheses. Variables correlated with each PC (>|0.7|) are showin in order of decreasing correlatedness (see Table 6 and Figure 6 
for definitions). Legend is as in Figure 17. 
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sufficiently low (<|0.196|), indicating that the PCA was successful at representing and describing 
the original data. 
StepDFA 
 Significant differences between group means (p<0.05 or less) were found for four of the 
variables: SLRL/SLRW (F=8.101), SLTA (F=6.482), SLRL/SLW (F=5.669), SLTTW/SLRL 
(F=3.617). Only SLRL/SLRW and SLTA were entered into the analysis, resulting in two 
discriminant functions (Appendix B) that account for 45.7% and 36.0% of the between group 
variance, respectively (Wilks’ lambda for functions 1 through 2 = 0.348). The structure matrix 
indicates that SLRL/SLRW is strongly positively correlated with DF1 (0.869) while SLTA is 
strongly positively correlated with DF2 (0.894). The cross-validated classification results reveal 
that 75.0% of the known cases were classified correctly (75.0% of omnivores, 75.0% of 
carnivores, 75.0% of herbivores). Eight of 10 A. simus were classified as omnivorous (two as 
carnivorous), and posterior and conditional probabilities for this classification are relatively high 
(0.408-0.985 and 0.256-0.932, respectively). 
PCA2 
 SLTA and SLRL/SLRW were entered into PCA2, and the two variables were not 
strongly correlated (-0.011). Two principal components were generated (Appendix B) that 
account for 50.6% and 49.4% of the total variance, and only PC1 was extracted. The component 
matrix indicates that SLTA is strongly positively correlated with PC1 (0.711), while 
SLRL/SLRW is strongly negatively correlated with this axis (-0.711). Species averages for these 
two variables are presented in Table 26. 
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Geometric Morphometrics 
 All landmarks were used in the principal components analysis of regression residuals, but 
several specimens of A. simus had to be eliminated in order to avoid missing values. Thirty-five 
principal components resulted of which nine are required to account for over 90% of the 
variation in the sample. The first three are presented in Figure 31 and account for 48.3%, 12.4%, 
and 8.2% of the variation. Shape change with increasing PC1 loadings are characterized by 
posterolateral translation of LM10; medial shifts of LM1, 2, 5, and 6; anterior translation of LM7 
and 13; posteromedoail translation of LM14; posterolateral translation of LM8; and anterolateral 
translation of LM11-12. Increasing loadings on PC2 is dominated by medial translation of LM1-
6, 8, and 13; slight lateral translation of LM7; strong posterior translation of LM9-10; extreme 
lateral translation of LM12; and strong anterolateral translation of LM14. Major changes with 
increasing PC3 values include anterolateral translation of LM7, 13, and 14; anterior translation 
of LM9; posterior translation of LM10; very strong medial translation of LM12; and lateral 
translation of LM14. 
Magnum 
Traditional Morphometrics – All Species 
PCA 
 The two variables entered into PCA were weakly correlated (0.446), indicating that the 
analysis should not be confounded by correlations between variables. Two principal components 
were generated that account for 72.3% and 27.7% of the total variation, respectively (Table 27), 
and PC1 was extracted (Figure 32). The component matrix reveals that both MAGL/MAGW and 
MAGA are strongly positively correlated with this axis (0.850). Residuals of reproduced 
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Figure 31: 3D landmark PCA for scapholunar dataset. Wireframes are proximodistal view. Legend as in Figure 19. 
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Figure 31 (continued)
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Table 27: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the magnum. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 72.322 27.678 - - - 100 
 
Eigenvalue 1.446 0.554 - - - 2 
Ursidae % Variance 54.293 45.707 - - - 100 
 
Eigenvalue 1.086 0.914 - - - 2 
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Figure 32: All Species PCA for magnum dataset. First and only extracted principle component 
is displayed with percent variation explained in parentheses. Variables correlated with this PC 
(>|0.8|) are shown (see Table 7 and Figure 7 for definitions). Legend is as in Figure 17. 
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correlations are sufficiently small (-0.277) to suggest that the PCA was successful at representing 
and describing the original data. 
StepDFA 
 No significant differences between group means were found: MAGA (F=0.820, 
p=0.357), MAGL/MAGW (F=0.820, p=0.449). No variables met the criteria for entrance into the 
analysis, so the StepDFA was terminated and no PCA2 could be performed. The species 
averages for these variables are given in Table 28. 
Traditional Morphometrics – Ursidae Only 
PCA 
Correlation between the two variables is lower than in the All Species dataset (0.086), 
indicating that the PCA should not be confounded by correlations between variables. Two 
principal components resulted that account for 54.3% and 45.7% of the variance, respectively 
(Table 27), and PC1 was extracted (Figure 33). The component matrix reveals that both 
MAGL/MAGW and MAGA are strongly positively correlated with PC1 (0.737). Residuals of 
reproduced correlations are sufficiently low (-0.457) to indicate that the PCA2 was successful at 
representing and describing the original data. 
StepDFA 
 No significant differences were found between group means for either of the variables: 
MAGA (F=0.665, p=0.525), MAGL/MAGW (F=0.559, p=0.580). Neither variable met the 
criteria for entrance into the analysis, so the StepDFA was terminated and no PCA2 could be 
peformed. See Table 28 for species averages for these variables. 
 
115 
 
Table 28: Species averages for magnum variables. Neither variable was entered into the 
StepDFA for either dataset, and no significant differences between diet groups were found. 
Species names are abbreviated to first two letters. All data per specimen are provided in 
Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
MAGA
 
69.62 67.43 62.04 62.23 65.14 62.16 80.90 54.31 78.41 
MAGL/MAGW
 
2.50 2.01 2.15 1.98 2.08 2.08 2.27 1.53 2.12 
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Figure 33: Ursidae Only PCA for magnum dataset. First and only extracted principle component 
is displayed with percent variation explained in parentheses. Variables correlated with this PC 
(>|0.7|) are shown (see Table 7 and Figure 7 for definitions). Legend is as in Figure 17. 
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Geometric Morphometrics – All Species 
 All landmarks and all specimens were able to be used for principal components analysis 
as no A. simus specimens were missing any landmarks. The analysis of allometricaly-corrected 
landmarks produced 23 principal components of which nine are required to account for over 90% 
of the variation. The first three account for 36.3%, 15.1%, and 11.3% of the total variation and 
are displayed in Figure 34. Shape change with increasing PC1 loadings are pronounced at all 
landmarks: distoanterior translation of LM1-3 toward the magnum midline; proximoanterior 
translation of LM4-5 toward the magnum midline; strong posterior translation of LM6; anterior 
translation of LM7 and LM9; proximolateral translation of LM8; strong posteromedial 
translation of LM10. Shape change associated with increasing PC2 loadings includes proximal-
anterolateral translation of LM1 and LM4; strong distomedial translation of LM3; posterolateral 
translation of LM5; distal-anteriolateral translation of LM6; distal translation of LM8; proximal 
translation of LM10. With increasing PC3 loadings, shape change is demonstrated by movement 
of LM1-5 outward away from the center of the anterior magnum; slight distoanterior translation 
of LM6; strong proximoanteror translation of LM7; strong distal translation of LM8, and slight 
proximal translation of LM9, towards the midline of the magnum; strong medial translation of 
LM10. 
Third Metacarpal 
Traditional Morphometrics – All Species 
PCA 
 Only one pair of variables shows relatively high correlation (MC3APW/MC3L vs. 
MC3MLW/MC3L, 0.893), suggesting that the PCA should not be impacted by correlations  
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Figure 34: 3D landmark PCA for magnum dataset. Inner wireframes approximate proximodistal view; outer wireframes mediolateral. 
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Figure 34 (continued): Legend as in Figure 19.
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between variables. Four principal components were generated, the first three of which are 
necessary to surpass 90% of the variation (Table 29) and account for 62.5%, 21.1%, and 16.0% 
of the variation, respectively. PC1 was extracted and is shown in Figure 35. All variables are 
positively correlated with PC1, the highest correlations belonging to MC3APW/MC3L (0.971) 
and MC3MLW/MC3L (0.850). Residuals of reproduced correlations are sufficiently low 
(<|0.326|), indicating that the PCA was successful at representing and describing the original 
data. 
StepDFA 
 Significant differences between group means (p<0.000) were found for three of the four 
variables: MC3MLW/MC3L (F=29.597), MC3APW/MC3L (F=20.566), MC3DW/MC3MLW 
(F=9.898). Only MC3MLW/MC3L and MC3DW/MC3MLW were entered into the analysis, 
resulting in two discriminant functions (Appendix B) that account for 60.4% and 26.1% of the 
between group variance (Wilks’ lambda for functions 1 through 2 = 0.292, p<0.000). The 
structure matrix reveals very strong positive correlation of MC3MLW/MC3L with DF1 (0.996) 
and very strong positive correlation of MC3DW/MC3MLW with DF2 (0.932). Cross-validated 
classification results indicate that the analysis classified 71.4% of the known cases (73.7% of 
omnivores, 72.2% of carnivores, 60.0% of herbivores). Three of the six A. simus specimens were 
classified as omnivorous (three as herbivorous), and posterior and conditional probabilities for 
this classification are relatively high (0.501-0.957 and 0.276-0.942, respectively). 
PCA2 
 The two variables selected by the StepDFA were entered into PCA2, and correlation 
between them is sufficiently low (0.433). Two principal components were generated that account 
for 71.6% and 28.4% of the total variation, and PC1 was extracted (Appendix B). The  
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Table 29: Percent variance and eigenvalues describing first five principal components for 
traditional morphometric analyses of the third metacarpal. 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 62.489 21.077 16.02 0.414 - 100 
 
Eigenvalue 2.5 0.843 0.641 0.017 - 4.001 
Ursidae % Variance 47.099 40.092 10.814 1.994 - 99.999 
 
Eigenvalue 1.884 1.604 0.433 0.08 - 4.001 
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Figure 35: All Species PCA for metacarpal III dataset. First and only extracted principle 
component is displayed with percent variation explained in parentheses. Variables correlated 
with this PC (>|0.8|) are shown (see Table 8 and Figure 8 for definitions). Legend is as in Figure 
17. 
 
 
Increasing MC3APW/MC3L, MC3MLW/MC3L 
PC1 (62.489%) 
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component matrix indicates that both MC3MLW/MC3L and MC3DW/MC3MLW are strongly 
correlated with PC1 (0.846). Residuals of reproduced correlations are sufficiently low (-0.284), 
indicating that the PCA2 was successful at representing and describing the variation in the 
original dataset. Species averages for these variables are presented in Table 30. 
Traditional Morphometrics – Ursidae Only 
PCA 
 Correlations between variables are sufficiently low (max is -0.621). A total of four 
principal components were generated of which three are required to surpass 90% of the variation. 
The first three account for 47.1%, 40.1%, and 10.8% of the variation (Table 29), and the first two 
were extracted (Figure 36). The component matrix indicates that MC3MLW/MC3L and 
MC3APW/MC3L are strongly positively correlated with PC1 (0.860 and 0.742, respectively) 
and MC3DW/MC3MLW is strongly negatively correlated with this axis (-0.753). Alternatively, 
MC3APW/MC3MLW is very strongly positively correlated with PC2 (0.953). Residuals of 
reproduced correlations are sufficiently low (< |0.175|), indicating that the PCA was successful at 
representing and describing the original data. 
StepDFA 
 Significant differences between group means were found for only one variable: 
MC3DW/MC3MLW (F=10.646, p<0.000). No other variable was entered into the analysis, 
resulting in one discriminant function that accounts for 47.1% of the between group variance 
(Wilks’ lambda for function 1 = 0.530, p<0.000). The structure matrix reveals that 
MC3DW/M3MLW is perfectly correlated with DF1 (1.000). Cross-validated classification 
results indicate that 63.0% of the known cases were classified correctly (89.5% of omnivores,  
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Table 30: Species averages for MCIII variables entered into the All Species
1
 and Ursidae Only
2
 
StepDFA analyses. Species names are abbreviated to first two letters. All data per specimen are 
provided in Appendix A. 
Variable A. si U. am U. ar U. mar U. mal T. or C. lu P. le C. cr 
MC3MLW/MC3L
1 
0.16 0.15 0.15 0.14 0.16 0.14 0.09 0.13 0.11 
MC3DW/MC3MLW
1,2 
1.66 1.59 1.65 1.78 1.52 1.77 1.41 1.49 1.44 
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Figure 36: Ursidae Only PCA for metacarpal III dataset. First two principle components are 
displayed with percent variation explained in parentheses. Variables correlated with each PC 
(>|0.7|) are shown in order of decreasing correlatedness (see Table 8 and Figure 8 for 
definitions). Legend is as in Figure 17. 
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0.0% of carnivores, 0.0% of herbivores). Two of six A. simus specimens were classified as 
omnivorous (four as herbivorous); posterior probabilities for this classification are relatively low 
(0.432-0.871), while conditional probabilities are high (0.690-0.978). 
PCA2 
 Principal components analysis using only the variable selected by the StepDFA was not 
possible because more than one variable is required for this analysis to be performed. Species 
averages for MC3DW/MC3MLW are given above in Table 30. 
Geometric Morphometrics – All Species 
All landmarks were used with the exception of LM3 and LM18 due to a high number of 
specimens missing this landmark. Several specimens of A. simus were eliminated in order to 
maximize the number of landmarks used in the principal component analysis of regression 
residuals. A total of 41 principal components were produced, the first eight of which are required 
to surpass 90% of the variation. The first three account for 62.1%, 11.5%, and 4.9% of the total 
variation and are shown in Figure 37. Shape change with increasing PC1 loadings is dominated 
by a general movement of LM1-9 towards the centroid of the proximal end and the translation of 
LM10-17 toward the center of the metacarpal head. More complex shape change is associated 
with increasing PC2 and PC3 loadings. 
Interelemental Variables 
Traditional Morphometrics – All Species 
 A principal components analysis using all interelemental variables (angles between 
articulated elements, size-corrected estimates of muscle lever arms (Fujiwara et al., 2011), ratios 
of element lengths standardized to humerus length) reveals relatively strong correlations between  
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Figure 37: 3D landmark PCA for MCIII dataset. Inner wireframes approximate anteroposterior view; outer wireframes mediolateral. 
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Figure 37 (continued): Legend as in Figure 19. 
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a number of these variables. This is interesting in its own right and is further discussed in 
Chapter 4. The majority of correlations remain low, and thus the PCA can be assumed to be 
sufficiently unaffected by these correlations. A total of 16 principal components were generated 
of which seven are required to surpass 90% of the total variation (Table 31). The first three were 
extracted (Figure 38) and account for 45.9%, 20.3%, and 9.1% of the variation. The component 
matrix reveals very strong positive correlation between PC1 and the variables MC3/HL (0.974), 
MC4/HL (0.963), UL/HL (0.902), and RL/HL (0.866). LSC/OL (-0.955), SPREAD (-0.864), 
ELBADD/OL (-0.829), and DIG1DIV (-0.740) are strongly negatively correlated with PC1. PC2 
shows strong positive correlations with WRIST2 (0.873), RADTUB/OL (0.734), and ELBOW 
(0.734), while the variables SLW/HL and MAG/HL are negatively correlated with this axis (-
0.872 and -0.770, respectively). Weaker correlations are associated with PC3 and include 
ELBOW (0.540) and MC3/MC4 (-0.533). Residuals of reproduced correlations are sufficiently 
low (< |0.127|), indicating that the PCA was successful at representing and describing the 
original data. 
A PCA using only variables describing relative limb lengths (the lengths of the ulna, 
radius, MCIII, MCIV, scapholunar, and magnum, all standardized to humerus length, and the 
length ratio of MCIII to MCIV) yielded similar results and correlations (Figure 39). The lengths 
of all long bones relative to the humerus are very strongly positively correlated to one another 
(and with increasing PC1 loadings), as are the relative lengths of the magnum and scapholunar to 
one another (and with increasing PC2 loadings). A subsequent StepDFA found significant 
differences between group means for the relative lengths of the four long bones (p<0.000), but 
only MC3/HL was entered into the analysis (results not shown), resulting in a single discriminant 
function that accounted for 69.1% of between group variance (Wilks’ lambda for function 1 = 
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Table 31: Percent variation and eigenvalues for first five principal components of interelemental 
analyses (excluding that shown in Figure 37, limb proportions only). 
Dataset  PC1 PC2 PC3 PC4 PC5 Total 
All Species % Variance 45.877 20.267 9.084 6.160 5.003 86.391 
 
Eigenvalue 7.340 3.243 1.453 0.986 .800 13.822 
Ursidae % Variance 32.832 18.922 13.109 8.231 6.090 79.184 
 
Eigenvalue 5.253 3.027 2.097 1.317 0.974 12.668 
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Figure 38: All Species PCA of all interelemental variables. First three principle components are displayed with percent variation 
explained in parentheses. Variables correlated with each PC (>|0.5|) are shown in order of decreasing correlatedness (see Table 9 and 
Figure 9 for definitions). Legend is as in Figure 17. 
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Figure 39: All Species PCA of limb proportion variables only. First two principle components 
are displayed with percent variation explained in parentheses. Variables correlated with each PC 
(>|0.8|) are shown in order of decreasing correlatedness. Legend is as in Figure 17. 
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0.309, p<0.000). The function successfully classified 59.2% of the known cases, and classified 
three of four A. simus as omnivorous (one as herbivorous), but with posterior probabilities below 
0.5 and conditional probabilities above 0.962. 
Traditional Morphometrics – Ursidae Only 
 Correlations between variables are similar to those observed for the All Species analysis, 
though these correlations are weaker overall. A total of 16 principal components were generated 
of which eight are required to surpass 90% of the variation. The first four were extracted, and the 
first three account for 32.8%, 18.9%, and 13.1% of the total variation (Figure 40). The 
component matrix reveals strong positive correlation with PC1 for the variables MAG/HL 
(0.904), MC3/HL (0.879), MC4/HL (0.847), and SLW/HL (0.843). DIG1DIV is strongly  
negatively correlated with PC1 (-0.763), as are RADTUB/OL, LSC/OL, ELBADD/OL, 
WRIST2, and SPREAD though these are weaker than -0.7. ELBOW and LSC/OL are strongly 
positively correlated with PC2 (0.803 and 0.713, respectively), and RL/HL is positively 
correlated with PC3 (0.711). Residuals of reproduced correlations are sufficiently low (< 
|0.205|), indicating that the PCA was successful at representing and describing the original data. 
Long-Bone Allometry 
Shown below (Table 32) are the linear and power function trend lines fit to the species 
data in the following biplots (Figure 41). Absolute midshaft width is plotted against absolute 
maximum length of each of the four long bones (humerus, ulna, radius, MCIII). The results are 
consistent with those of Matheus (2003). Though the slopes and y-intercepts of the linear 
functions for each species are different relative to the other species and between each element, 
some general trends are clear. While A. simus consistently plots at a larger size (x-axis) and with 
similar slopes to the other ursids, associated shaft width values translate the trend lines for A.  
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Figure 40: Ursidae Only PCA of all interelemental dataset. First three principle components are displayed with percent variation 
explained in parentheses. Variables correlated with each PC (>|0.7|) are shown in order of decreasing correlatedness. Legend is as in 
Figure 17.
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Table 32: Power (y=bx
α
) and linear (y=ax+b) functions fit to data in following biplots
1 
Species Humerus Ulna Radius MCIII 
A. si y=0.0052x
1.4669 
y=0.1387x-21.832 
y=0.0004x
1.8194 
y=0.1198x-25.387 
y=0.0205x
1.2444 
y=0.1097x-7.8743 
y=0.0189x
1.4466 
y=0.2314x-8.3642 
U. am y=0.8511x
0.6217 
y=0.0724x-8.135 
y=0.0849x
0.9443 
y=0.0479x+4.2091 
y=0.0288x
1.185 
y=0.089x-2.1905 
y=0.2572x
0.8785 
y=0.1281x+1.766 
U. ar y=0.1091x
0.9798 
y=0.0985x-0.4527 
y=0.0297x
1.1382 
y=0.077x-0.3.498 
y=10.947x
0.1445 
y=0.0134x+20.961 
y=0.2933x
0.8405 
y=0.123x+1.819 
U. mar y=0.0022x
1.6359 
y=0.159x-22.876
 
y=0.0006x
1.8024 
y=0.13x-22.105
 
y=0.0022x
1.6359 
y=0.1679x-25.91
 
y=0.0881x
1.1063 
y=0.159x-1.5147
 
U. mal y=0.1435x
0.9153 
y=0.0829x-1.7621
 
y=0.0869x
0.9131 
y=0.0422x+2.6771
 
y=0.0009x
1.8373 
y=0.1476x-13.748
 
y=0.5676x
0.6772 
y=0.0986x+3.0782
 
T. or y=0.00002x
2.6056 
y=0.2435x-33.385
 
y=0.00000004x
3.6462 
y=0.2197x-35.05
 
y=0.0000006x
3.2293 
y=0.2494x-32.766
 
y=0.1916x
0.9294 
y=0.1353x+0.506
 
C. lu y=0.0296x
1.1708 
y=0.0859x-2.5036
 
y=0.1034x
0.8569 
y=0.0378x+2.4093
 
y=0.0347x
1.1565 
y=0.0876x-1.4935
 
y=0.0434x
1.1572 
y=0.099x-0.9753
 
P. le y=0.032x
1.1816 
y=0.1052x-4.5052
 
y=95.199x
-0.274 
y=-0.0147x+24.447
 
y=9.3215x
0.1736 
y=0.0155x+20.515
 
y=0.2409x
0.8694 
y=0.1169x+1.4975
 
C. cr y=0.0005x
1.982 
y=0.1959x-23.26
 
y=0.0013x
1.672 
y=0.0938x-9.836
 
y=0.00002x
2.5754 
y=0.234x-33.001
 
y=0.0173x
1.3928 
y=0.1466x-4.0618
 
1a, linear slope; α, allometric constant; b, y-intercept.When α >1, the long-bone becomes more 
robust with increased body size; when α<1, the bone becomes relatively narrower (Matheus, 
2003). 
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Figure 41: Biplots of element lengths versus mediolateral midshaft diameters. Ursid relationships are consistent with those of 
Matheus (2003). Equations for linear regressions are provided in Table 32.  
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Figure 41 (continued) 
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Figure 41 (continued) 
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simus to lower y-intercepts. The patterns between A. simus and other ursids (and to some extent 
the non-ursids) are most similar to the compensatory growth Type I and Type II models 
described by Matheus (2003). The exception to these general trends is found for metacarpal III 
where A. simus again plots with high length values (along with the non-ursids), but midshaft 
values pull the trend line to higher y-axis values while maintaining the lowest y-intercept (save 
for Canis lupus). The lower y-intercept results from its greater slope. 
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CHAPTER 4 
DISCUSSION 
 Results of this study confirm previous reports on the morphology of Arctodus simus 
(Merriam and Stock, 1925; Kurtén, 1967; Mattson, 1995; Matheus, 2003; Sorkin, 2006), and 
provide additional insight into the finer-scale differences between the forelimb skeleton of the 
giant short-faced bear and its extant relatives. Review of PCA scatterplots (Results) and those for 
StepDFA and PCA2 analyses (Appendix B) reveal several relatively consistent trends. Most 
obvious is the consistent familial separation, that is, there tends to be extreme separation between 
Crocuta crocuta (Hyaenidae), Canis lupus (Canidae), Panthera leo (Felidae), and the bears 
(Ursidae). Separation is typically most strongly driven in the traditional morphometric analyses 
by Ursidae and C. crocuta+C. lupus along PC1 and then by C. croctua and C. lupus along PC2. 
Thus the wolf and hyena demonstrate strong convergence, but remain unique in some aspects 
(described below). The African lion, on the other hand, shows convergence with the ursids, often 
overlapping with the polar bear, Ursus maritimus, suggesting strong morphological similarity of 
the forelimb between these two species. Arctodus simus consistently plots on the “non-ursid 
carnivoran” side of the ursid morphospace, most often overlapping the polar and brown bears 
(arguably the most carnivorous of extant bears) and occasionally the African lion. Differences 
between the traditional and landmark morphometric analyses can most likely be attributed to the 
allometric correction peformed on the landmark dataset, and in that sense might more accurately 
portray the morphological relationships between the species. Still, A. simus most often overlaps 
the polar and brown bears, and in the case of the humerus and ulna is completely removed from 
the ursid morphospace and shows great overlap with the African lion.  
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To more completely describe the morphology and associated behavioral implications of 
the forelimb, each element is independently described below. Interpretations made herein that are 
not expressly reported in previous studies are inferred from the relationships of forelimb 
musculature and associated bony attachment sites provided in such detailed anatomical studies as 
Davis (1949, 1964) and comparative studies including Taylor (1974) and others specific to 
particular limb elements referenced accordingly in each of the following sections. Validity of 
such interpretations are therefore based on my own understanding of these relationships, the 
mechanics of locomotion as described by Gregory (1912), Smith (1955), and Hildebrand (1974), 
and allometry as described by Biewener (1989) and Matheus (2003) among others. 
Shape Change of Individual Elements 
Scapula 
 Variables describing the overall shape of the scapula were impossible due to the 
fragmentary nature of the A. simus scapulae observed, so some loss of locomotor data likely 
resulted as the shape of the scapular blade and the major fossae (infraspinous, supraspinous, 
subscapular, and postscapular) have been shown to be largely controlled by the relative 
importance of the muscles that originate from these features (Davis, 1949, 1964; Taylor, 1974, 
1989; Swiderski, 1993). Therefore, all observations of the scapula in this study describe the 
region of the glenoid fossa, acromion, and proximal portion of the scapular spine. Unfortunately, 
the bulk of studies of mammalian scapular shape has focused on the overall shape of the blade 
(Smith and Savage, 1955; Oxnard, 1968; Taylor, 1974; Leamy and Atchley, 1984; Swiderski, 
1993), so inferences regarding the relationship of skeleton to muscle to function at the shoulder 
joint must be drawn through a combination of comparative (Davis, 1949, 1964) and human 
anatomy. The glenoid fossa is the site of humeral articulation, a ball and socket joint that allows 
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for extension-flexion, abduction-adduction, and supination-pronation of the entire forelimb 
(Inman et al., 1944; Davis, 1949; Hess, 2000), the rotational center of which is controlled by the 
geometry of the glenoid fossa and humeral head (Meskers et al., 1997). Unlike the acetabulum-
femur articulation, the glenohumeral joint permits a greater range of motion due to the 
shallowness of the glenoid fossa, resulting in a contact area as low as 25-33% of the humeral 
head surface in humans (Soslowsky et al., 1992; Jobe and Iannotti, 1995; Terry and Chopp, 
2000). However, freedom of motion permitted by the skeletal morphology of the fossa is 
associated with increased risk of disarticulation, and so joint stability is facilitated by muscular 
contraction by rotator cuff muscles (pulling the humerus into the glenoid fossa), cartilaginous 
extensions of the glenoid fossa border (the glenoid labrum), and additional capsuloligamentous 
constraints (Davis, 1949; Turkel et al., 1981; Lippit and Matsen, 1993; Terry and Chopp, 2000). 
Osteologically, additional stability can be obtained by deepening the glenoid fossa or increasing 
its curvature (Lippit and Matsen, 1993). 
   Generally, the scapula of bears has been described as more broad and rectangular than 
the more fan-shaped scapula of other carnivorans (Davis, 1949). This is facilitated both by a 
relatively wide scapular neck and a broad postscapular fossa which is lacking in canids, felids, 
and hyenids (Davis, 1949). The postscapular fossa effectively expands the surface area of the 
posterior scapula, providing a greater origination surface for the M. triceps longus (shoulder 
flexion and humerus extension) in bears than in other carnivorans. All-Species PCA in this study 
reveals strong convergence between Canis lupus and Crocuta crocuta apparently due to 
relatively narrow scapular necks and short spines (negative PC1 loadings) oriented at a greater 
angle to the infraspinous fossa (positive PC2 loadings). Panthera leo has a similarly narrow 
scapular neck, but a more acutely angled scapular spine (negative PC2 loadings). StepDFA 
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confirms that relatively narrow acromia and scapular necks are a trait of carnivores, especially 
for non-ursids. Among the non-ursids, the more cursorial Canis lupus and Ccrocuta crocuta tend 
to have narrower necks and squarer acromia than P. leo, suggesting that a wider neck and longer 
acromion provide some additional dexterity to the forelimb, as lions use their forelimbs for prey 
manipulation (Turner and Antón, 1997). Ursids generally occupy positive PC1 and DF1 loadings 
due to their considerably wider scapular necks, surpassing the anteroposterior length of the 
glenoid fossa (SNW/GFL), and the two tremarctines and U. malayanus span the gap between the 
non-ursids and the other three Ursus species. The carnivorous U. maritimus does not separate 
strongly from the other ursids in the StepDFA.  
The Ursidae Only PCA provides greater resolution to the bear morphospace and reveals 
that the three larger species of Ursus (i.e., excluding U. malayanus) tend to have taller scapular 
spines, wider scapular necks, and more anteroposteriorly elongate glenoid fossae (positive PC1 
loadings). Moreover, U. americanus presents a more square acromion and more acute 
infraspinous fossa angle (negative PC2 loadings) than U. arctos and U. maritimus (positive 
PC2), and the latter has a narrower scapular neck, shorter scapular spine, and less elongate 
glenoid fossa than the former. The remaining three ursids plot with negative PC1 loadings, 
displaying less elongate glenoid fossae, relatively shorter spines, and narrower necks than the 
other bears. Also, while T. ornatus and U. malayanus tend to have longer acromia and wider 
infraspinous fossa angles, A. simus shows the opposite trend. Tremarctos ornatus and U. 
americanus are further separated from A. simus, U. malayanus, and U. arctos on PC3 due to their 
more elongate glenoid fossae and even broader infraspinous fossa angle. StepDFA for ursids 
indicate that generalists tend to have squarer acromia, while herbivore and carnivore specialists 
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have longer/narrower acromia (DF1), and ursids that incorporate more meat in their diet have 
lower scapular spine angles, while more herbivorous species have larger spine angles (DF2). 
A shorter spine, less elongate glenoid fossa, and narrower scapular neck tends to separate 
A. simus from U. americanus, U. maritimus, and U. arctos, and with its somewhat narrower 
acromion and wider scapular spine angle, the scapula of A. simus appears to be slightly 
convergent with the scapula of Canis lupus and Crocuta crocuta with respect to those variables. 
Results of the 3D landmark PCA, using landmarks that predominantly describe the shape and 
depth of the glenoid fossa, paint a similar picture. PC1 separates Canis lupus and Crocuta 
crocuta from the other species due their shorter anteroposterior glenoid fossa length, while P. leo 
plots just to the negative side of 0.0, and the ursids occupy positive PC1 loadings with their 
relatively more elongate glenoid fossae. Crocuta crocuta plots with higher PC2 scores than C. 
lupus because the glenoid fossa is deeper and the anterior and posterior borders of the fossa 
extend more distally than the lateral border. Among the ursids, A. simus plots with higher PC2 
scores with U. maritimus and U. arctos, while U. malayanus, U. americanus, and T. ornatus 
show considerable overlap with P. leo due to their shallower glenoid fossae. Finally, PC3 pulls 
the three larger Ursus species and A. simus above the other ursids and non-ursids because of their 
relatively longer coracoid process and more posteriorly angled glenoid fossa. Thus, while the 
scapula of Arctodus shows strongest affinities to the genus Ursus, its deeper and less elongate 
glenoid fossa makes it convergent in the direction of the more cursorial Canis lupus and Crocuta 
crocuta.  
 Shape adaptations in the proximal portion of the scapula displayed by A. simus all seem 
to indicate evolution towards cursorialism, features which are taken to the extreme by the wolf 
and hyena. A relatively reduced acromion presents a smaller origination area for the M. 
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acromiodeltoideus, indicating limited abduction of the forelimb (Davis, 1964). A narrower 
scapular neck may be a consequence of reductions in the overall width of the scapula (a feature 
impossible to observe in the fragmentary specimens of this study), but may also limit the 
extensor power of the M. triceps longus by reducing its area of origin (Davis, 1964). A deeper 
and less elongate glenoid fossa limits the range of motion of the humerus (Hildebrand, 1974; 
Taylor, 1974), and a smaller spine height ratio (SSH/(GFW/2)) might indicate an expansion in 
the overall size of the fossa, increasing the contact area of the glenohumeral joint and further 
restricting its range of motion. Alternatively, the smaller value of this ratio may result from a 
shortening of the scapular spine itself which effectively reduces the volume available for the M. 
infraspinatus (perhaps also facilitated by the more acute angle (IFSA) between the spine and 
posterior border of the infraspinous fossa) and M. supraspinatus, the chief lateral rotator and 
extensor of the arm, respectively, and limit the surface area for the trapezius muscles that insert 
on the side of the spine and rotate the scapula on the ribcage (Davis, 1964). However, the more 
“vertically” oriented spine of the cursorial non-ursids and A. simus may account for this by 
reorienting the spine relative to the direction of the trapezius muscles, increasing their 
effectiveness. Interestingly, the arboreal sun bear, U. malayanus, groups closely with A. simus, 
Crocuta crocuta, and Canis lupus due to its spine angle (positive PC2, All Species PCA), 
indicating that the trapezius muscles may be advantageous for both cursorial and arboreal 
locomotion by permitting greater elevation and rotation of the scapula on the rib cage, effectively 
increasing stride length (advantage for cursors) and “reach length” (advantage for climbers). 
Though clearly very bear-like, the scapula of A. simus, and to a lesser extent, that of U. 
maritimus, differs from that of other bears in features that tend to restrict rotation and lateral 
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excursion of the forelimb and increase the motion of the scapula, adaptations that when taken to 
the extreme as in the wolf and hyena are clearly advantageous for cursorialism. 
Humerus 
 Features of the humerus that have been traditionally inferred to have locomotor 
significance include the development of the greater and lesser tuberosities, the deltopectoral 
crest, the development of the lateral supracondylar ridge and epicondyles, and the shape of the 
capitulum+trochlea (Davis, 1964; Jenkins, 1973; Taylor, 1974, 1989; Ross, 1988; Andersson, 
2004). The proximal end of the humerus comprises, with the scapula, the shoulder joint (see 
previous section), while the distal end forms the elbow joint with the radius and ulna articulating 
with the capitulum and trochlea, respectively. The humeroulnar articulation is primarily a 
uniaxial hinge joint, allowing flexion-extension of the forearm, and the humeroradial articulation 
permits pronation-supination about the long axis of the forearm (though this motion is 
predominantly controlled by the proximal radio-ulnar articulation). Thus, the shape and relative 
development of the capitulum and trochlea of the distal humerus are predictive of an animal’s 
locomotor behavior: that of a cursor is relatively square and oriented in-line with the parasagittal 
direction of motion, whereas that of a non-cursor is mediolaterally wide and angled, permitting a 
greater degree of pronation-supination and mediolateral deviation of the forearm. 
 Traditional morphometric analyses of the humerus result in clear separation between 
Canis lupus, Crocuta crocuta, and a less differentiated cluster of ursids and P. leo. The more 
cursorial Canis lupus and Crocuta crocuta tend to have a more gracile humerus with a relatively 
narrow distal end, a squarer capitulum+trochlea that is proximodistally long relative to humeral 
length, a shorter deltopectoral crest relative to both to its width and humeral length, and a greater 
tuberosity that is situated more laterally than anteriorly (positive PC1). The two species separate 
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to the extremes of PC2 due to the more anterolaterally reaching greater tuberosity, 
anteroposteriorly wider midshaft, and more posteriorly reaching medial epicondyle of C. crocuta 
(positive PC2). Panthera leo shares these features with the hyena on PC2, but more closely 
resembles the ursids with respect to PC1 (P. leo values < 1.0, all ursids < 0.0). Interestingly, U. 
maritimus overlaps P. leo on both principal components, indicating moderate convergence of the 
humerus between these two phylogenetically removed species. The remaining ursids are tightly 
clustered in negative PC1-PC2 space, but PC3 separates U. maritimus, U. arctos, and U. 
malayanus to positive values apparently due to a wider lateral supracondyloid ridge and a tighter 
bicipital groove, while A. simus and P. leo, and to a lesser extent C. crocuta, plot with negative 
values. Canis lupus, T. ornatus, and U. americanus plot on either side of 0.0 along this axis.  
All Species StepDFA shows excellent clustering of the carnivores (positive DF1), 
including U. maritimus spanning the gap between the non-ursids and ursids, due to their 
anteroposteriorly longer proximal ends (probably the result of a more extensive greater 
tuberosity), deltopectoral crests that are shorter relative to their widths, and to a lesser extent, 
longer trochlear constrictions and anteroposteriorly elongate midshaft cross-sections. A tighter 
bicipital groove pulls U. arctos to strictly negative DF2 values, U. americanus straddles 0.0, and 
T. ornatus and A. simus plot with positive DF2 scores. Interestingly, U. malayanus spans the 
entire ursid DF2 distribution, suggesting a higher degree of bicipital groove plasticity in this 
species. In the absence of scores for a third discriminant function, it is unclear whether or not the 
clustering of T. ornatus and A. simus in DF1-DF2 space is predominantly phylogenetically or 
ecologically controlled. 
 The Ursidae Only analyses provide greater resolution to the bear morphospace and offer 
a different suite of variables that are important in distinguishing between the species. Arctodus 
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simus and U. maritimus occupy opposite extremes along the first principal component. Ursus 
maritimus plots with the greatest PC1 scores due to a distal end that is both mediolaterally and 
anteroposteriorly wider relative to humerus length and a longer trochlear constriction relative to 
humerus length and trochlear border length (positive PC1). Ursus arctos plots with similar PC2 
scores as U. maritimus, but with lower PC1 scores; they also share similar PC3 scores because of 
their more anteroposteriorly elongated proximal ends, longer capitulum border relative to 
trochlea border, and more distally positioned shaft bow angle (positive PC3). Ursus americanus 
and U. malayanus show slight overlap at the origin of PC1 and PC2, but U. americanus spreads 
into negative PC2 space, while U. malayanus extends into positive PC2 space because of its 
relatively larger proximal end relative to midshaft width, more laterally angled greater tuberosity, 
narrower midshaft relative to humeral length, and straighter shaft (positive PC2). In this regard, 
U. malayanus and A. simus occupy the highest PC2 values (e.g., the humeral shaft angle of A. 
simus is nearly 180°), but A. simus extends to negative PC1 scores while U. malayanus has 
similar PC1 scores as U. arctos. Though T. ornatus overlaps A. simus to some extent, its 
morphospace spreads to lower PC2 scores, overlapping with the lower extent of the U. 
americanus morphospace. The overlap between A. simus and T. ornatus is lost on PC3 as the 
former occupies positive PC3 scores, entirely overlapping U. maritimus and U. arctos, while the 
latter exhibits negative PC3 score along with U. americanus (closer to 0.0) and U. malayanus 
(most negative PC3 scores).  
Thus it appears that A. simus occupies its own unique morphospace (negative PC1, 
positive PC2, positive PC3) in the Ursid Only analysis. Phylogeny may play an important role in 
controlling the distribution of species in PC1-PC2 space given the clustering of the three larger 
Ursus species and of the two tremarctines on positive and negative PC1, respectively. It is PC3 
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that raises the more carnivorous U. maritimus and U. arctos, along with A. simus, away from the 
other ursids. The humerus of A. simus may thus represent a more carnivorous and/or cursorial 
form of the tremarctine humerus. 
 A simpler pattern is apparent in the Ursidae Only StepDFA which reveals a similarly 
anteroposteriorly elongate proximal end (due to the relative enlarging of the humeral head; DF1 
about 0.0) among U. malayanus, U. americanus, U. arctos (the omnivores), and A. simus, while 
the carnivorous U. maritimus and herbivorous T. ornatus represent the positive and negative 
extremes, respectively. Each species (and diet group) is equally spread out along DF2 due to the 
apparent plasticity in length of the trochlear border relative to the total mediolateral width of the 
capitulum+trochlea; however, there is no overlap between U. malayanus and U. americanus+U. 
arctos, suggesting this variable might differentiate between omnivores that incorporate more 
vegetation in their diet and those that ingest a greater proportion of meat. Arctodus simus shares 
this U. americanus+U. arctos morphospace.  
 Principal components analysis using 3D landmarks result in a species morphospace 
distribution quite different from the traditional morphometrics. In this case there is a distinct 
ursid cluster at high PC1 scores. Relative to the non-ursids at lower PC1 scores, the ursid 
humerus tends to be more robust with a mediolaterally wide and proximodistally narrow 
capitulum+trochlea and a longer and wider deltopectoral crest. Within this cluster, there is clear 
separation of the species with U. maritimus occupying the highest PC1 scores, followed by U. 
arctos, U. americanus, and T. ornatus+U. malayanus with progressively lower PC1 scores and 
progressively higher PC2 scores. Interestingly, three of six P. leo specimens also present positive 
PC1 scores (and negative PC2 scores) and encompass the one complete Arctodus simus and 
Amphicyon ingens specimens which are clearly separated from the other ursids. The non-ursids 
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exhibit a range of morphologies given their wide distribution in PC1-PC2 space, though in 
general, Canis lupus scores lower on PC2 than P. leo which is in turn lower than Crocuta 
crocuta due to an increase in overall robusticty and rectangularity of the capitulum-trochlea with 
increasing PC2 loadings. Arctodus simus shares similar PC3 scores with P. leo, Canis lupus, and 
Amphicyon ingens due to a lateral supracondylar ridge that is relatively narrower and a humeral 
head that is less extensively curved than in U. americanus, U. malayanus, and T. ornatus (lowest 
PC3 scores), but surpassed on both counts by some U. arctos and all U. maritimus and Crocuta 
crocuta. Thus, the landmark PCA reveals strong convergence between the humerus of A. simus 
and those of P. leo and to a lesser extent Canis lupus. Landmark PCA of just the distal humerus 
confirm these results, revealing that while the capitulum-trochlea of Arctodus simus is very 
ursid-like, it shows some convergence in the direction of Amphicyon ingens, P. leo, and Crocuta 
crocuta due to a capitulum+trochlea that is relatively mediolaterally narrower and trochlear 
constriction that is proximodistally wider than in other ursids. 
 In many ways, the humerus of A. simus is a bear’s humerus, but again certain features 
indicate convergence in the direction of more cursorial, predaceous carnivorans, especially the 
lion, P. leo. The traditional and geometric morphometric analyses confirm the assertion that the 
humerus overall is more gracile than that of other bears, both by its narrow shaft and relatively 
reduced distal end. This reduces the weight of the limb and the energy expended during each 
step, but moreover, the areas of reduction, namely the medial and lateral epicondyles and the 
lateral supracondyloid ridge suggest a reduction in the musculature controlling the flexion-
extension and abduction-adduction of the wrist and digits and flexion of the elbow joint, further 
reducing the weight of the limb and limiting the mediolateral excursion of the joints. 
Additionally, while the smaller distal end, tighter constriction between the trochlea and 
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capitulum, and more laterally angled greater tuberosity appear to be characteristics of 
tremarctines (negative PC1, Ursidae Only PCA), A. simus differs from T. ornatus because of the 
more anteroposteriorly elongate proximal end (due in part to a more anteriorly reaching medial 
border of the greater tuberosity and a more posteriorly extending head) and more equal trochlea 
and capitulum borders of the former. Once again, while the shape of the trochlea+capitulum most 
closely resembles other bears, the surface overall is slightly proximodistally longer and 
mediolaterally narrower, features that reduce the supination-pronation and mediolateral 
excursion of the ulna and radius. Finally, the humerus is extremely straight in Arctodus simus 
and is most closely matched by Canis lupus, Crocuta crocuta, and U. malayanus, two cursors 
and a tree climber, respectively. Humerus bow angle is plotted against humerus length in Figure 
42 and demonstrates that while the largest species, A. simus, displays the largest bow angle, the 
next largest angles are exhibited by considerably smaller species, and not the polar and brown 
bears as would be expected if this variable was controlled by body size (Gregory, 1912, and 
Biewener, 1989, consider joint angles, but it follows that a curved bone under compression 
would experience greater bending strain than a straight bone). All things being equal, a straighter 
humerus would effectively increase the stride length of cursors and the reach of climbers. Taken 
together, adaptations in humeral shape seem to reduce motion of the elbow and wrist joints 
outside of the parasagittal plane, reduce the mass of the bone and associated musculature, and 
increase stride length – adaptations in the direction of cursorialism. 
Ulna 
Primary hinge-like motion at the elbow joint is almost entirely controlled by the 
humeroulnar articulation: the semi-lunar notch of the proximal ulna rotates in the anteroposterior 
plane on the trochlea of the distal humerus, the olecranon sliding into the olecranon fossa 
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Figure 42: Bivariate plot of humeral bow angle against humerus length. Regression line is y = 0.0164x + 163.4; R
2
 = 0.0924. 
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posterior to the trochlea during forearm extension (Davis, 1964). Muscle attachment to the ulna 
is dominated by flexors and extensors of the forearm and manus, the most important of which is 
the triceps, originating from the scapula and posterior side of the humeral shaft and inserting on 
each face of the olecranon (Davis 1964; Taylor, 1974). It follows that an increase in the length of 
the olecranon relative to the ulnar shaft (OL/USL) will increase the mechanical advantage of the 
triceps, increasing the “downward” force generated at the distal ulna (wrist joint) during forearm 
extension (Gregory, 1912; Hildebrand, 1974), while simultaneously increasing the surface area 
for triceps insertion and presumably the size and strength of the muscle itself. This lever system 
(large in-force and in-lever, small out-lever and large out-force; Gregory, 1912; Hildebrand, 
1974) is essential for fossorial and aquatic animals that require powerful forelimbs for moving 
earth or propelling through water (Hildebrand, 1974; Schutz and Guralnick, 2007; Samuels and 
Van Valkenburgh, 2008), but the reverse trend is seen in cursors.  
Cursorial mammals sacrifice power at the manus for speed by means of a relatively 
shorter olecranon and smaller triceps, but a resultantly long forearm and faster forearm rotation 
about the elbow joint (Hildebrand, 1974). Joint stability and reduction of mediolateral motion 
and supination-pronation in the forearm is reduced in cursors by deepening the radial notch into 
which fits the head of the radius and shortening the distal ulnar head which articulates with the 
ulnar notch of the radius (Davis, 1964; Hildebrand, 1974; Taylor, 1974). This morphology 
effectively locks the radius into the ulna and prevents the unnecessary expenditure of energy in 
muscle movements out of the direction of motion (Hildebrand, 1974; Taylor, 1974). Additional 
reduction of musculature further lightens the distal limb and permits faster and more efficient 
oscillitation (Gregory, 1912; Hildebrand, 1974; Matheus, 2003). It is easy to imagine that the 
ulna of an animal that requires both speed and manual dexterity, such as many of the big cats 
155 
 
(Turner and Antón, 1997), should present an intermediate morphology between that of a 
fossorial and cursorial mammalian carnivoran.  
 PC1-PC2 space for the All Species PCA displays excellent separation between Canis 
lupus, P. leo, Crocuta crocuta, and the ursids. In general, ursids tend to have a more 
anteroposteriorly elongate midshaft, a more prominent and distally angled ulnar head, a 
mediolaterally wider styloid process, a relatively longer radial notch and deeper semi-lunar notch 
(relative to its proximodistal length), and a more rotated olecranon relative to the anteroposterior 
plane. Panthera leo, C. crocuta, and Canis lupus present progressively more negative PC1 
values. Moreover, C. lupus scores the lowest on PC2 resulting from an anteroposteriorly 
narrower shaft directly posterior to the semi-lunar notch. This width becomes progressive larger 
in Crocuta crocuta and is the greatest in P. leo. Thus, P. leo occupies a morphospace above the 
ursids on PC2, C. crocuta shares PC2 values with the “upper” half of the ursid morphospace, and 
Canis lupus shares PC2 values with the “lower” half. Interestingly, A. simus appears to cluster on 
the non-ursid side of the bear morphospace and overlaps U. arctos and U. malayanus. Species 
discrimination is not enhanced by PC3 which draws Crocuta crocuta to the positive extreme 
(proximodistally long semi-lunar notch relative to ulnar length and mediolaterally wider 
olecranon relative to its anteroposterior length) and P. leo to the negative extreme. Though the 
ursids are more spread out on this axis, A. simus appears to most completely overlap the 
morphospace of U. arctos, U. maritimus, and C. crocuta.  
 The All Species StepDFA yields similar results to the PCA, dominated by an increasingly 
more prominent ulnar head and mediolaterally wide styloid process from the more cursorial 
Canis lupus and Crocuta crocuta to P. leo to the ursids. The carnivorous U. maritimus plots with 
DF1 scores nearing P. leo, but is matched by the herbivorous T. ornatus and omnivorous U. 
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malayanus. These species are pulled apart by DF2 which pulls T. ornatus to the negative extreme 
outside of the non-ursid morphospace because of a less posteriorly deflected olecranon, while U. 
malayanus plots with DF2 scores higher than U. maritimus. Though A. simus occupies a position 
in the omnivore morphospace between the more herbivorous U. malayanus and more 
carnivorous U. arctos and U. americanus, its slightly lower PC1 scores make it convergent in the 
direction of U. maritimus and P. leo. 
Ursidae Only PCA reveals that U. maritimus tends to have a more anteroposteriorly wide 
midshaft and longer olecranon (negative PC1). Plotting with progressively more positive PC1 
values (and similar PC2 scores) are U. arctos, U. americanus, and finally T. ornatus. Though A. 
simus and U. malayanus share similar midshaft and olecranon morphologies, they separate due 
to the relatively mediolaterally wider midshaft and styloid process of A. simus (positive PC2). 
Ursus malayanus plots with the lowest PC2 scores of all analyzed ursids. Despite this separation, 
A. simus, U. arctos, U. malayanus, and some U. maritimus are pulled above the other species on 
PC3 due to a relatively proximodistally longer semi-lunar notch. Similar distributions are evident 
in the Ursidae Only StepDFA with the added information that the carnivorous U. maritimus has a 
more posteriorly oriented olecranon than the herbivorous T. ornatus, but a relatively shorter 
radial notch and anteroposteriorly wider distal shaft. The ulna of A. simus is most similar to U. 
arctos and U. americanus with respect to these features, but differs in that it exhibits the shortest 
olecranon among the bears (and non-ursids in this study, for that matter; Average OL/USL = 0.2) 
relative to ulna shaft length.  
Landmark-based PCA reveals greater convergence of the ulna between P. leo and 
Crocuta crocuta than between C. crocuta and Canis lupus. The latter two species are separated 
along PC2 due to the apparently shorter olecranon relative to ulnar length exhibited by C. lupus 
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and along PC1 due to the slightly more posteriorly oriented olecranon and more prominent ulnar 
head of Crocuta crocuta. Panthera leo plots with slightly higher PC1 scores and strongly 
encompasses the single complete specimens of A. simus and Amphicyon ingens on all three 
principal components. With the exception of U. americanus and T. ornatus, which share similar 
PC1 scores as C. crocuta and P. leo, the other ursids occupy high PC1 scores and medial PC2 
scores due to their overall more robust ulnae with very prominent ulnar heads and less 
posteriorly angled olecranons. Ursus malayanus and T. ornatus show the highest PC2 scores of 
the bears (similar to Canis lupus). The ulnae of these two ursids tend to be more robust with 
more prominent ulnar heads, longer radial notches, and anteroposteriorly wider olecranon than 
the other bears (negative PC3), the opposite trend presented by C. lupus, Crocuta crocuta, U. 
maritimus, and U. arctos. Again, Arctodus simus and Amphicyon ingens are encompassed by the 
P. leo and C. crocuta morphospaces along PC3. 
Though the olecranon of A. simus is similary wide as in brown and polar bears (wider 
than wolf, lion, black bear, sun bear, and spectacled bear, but relatively narrower than hyena), it 
is the shortest of the bears relative to ulna length and is most comparable to that of the wolf. The 
olecranon is also angled more posteriorly than other bears and is comparable in this respect to the 
wolf and hyena. This olecranon orientation indicates weaker forearm extensors (mm. triceps et 
anconaeus; Gregory, 1912; Hildebrand, 1974) and suggests a more vertical posture in the 
forelimb because the effectiveness of the leverage of the extensors would be maximized at a less 
crouched position (i.e., when anterior edge of olecranon is perpendicular to the direction of force 
from the triceps; Sorkin, 2006; Fujiwara, 2009). Morever, a reduced and posteriorly oriented 
olecranon increases the extension possible at the elbow before interference with the olecranon 
fossa and generates a faster swing of the forearm despite the weaker resulting out-force 
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(Gregory, 1912; Smith, 1955; Hildebrand, 1974). The sides of the olecranon also provide 
origination for several carpal flexors and extensors, and a smaller origination area for these 
muscles is inferred.  
The ulna is strongly tapered (UAPW/UAPDW) as in the brown bear and lion, indicating 
that the distal portion of the ulna where the pronator quadratus arises is anteroposteriorly narrow. 
A large space between the distal radius and humerus is created, feasibly allowing for a larger 
pronator quadratus. Values for this variable are lowest in the wolf and hyena and are consistent 
with this interpretation as these species do not require strong pronators for their form of 
cursorialism. Values are largest in the herbivorous spectacled bear and omnivorous black bear 
which would benefit from strong pronators in foraging for vegetation and in the lion for which 
strong pronators would aid in grappling prey. Ursids in general have anteroposteriorly wider 
(i.e., more elliptical) midshafts, which Taylor (1974) postulates may indicate strong flexors, as 
the shaft is elongated in a direction to withstand the stresses of flexion and extension. However, 
the medial and lateral surfaces of the ulnar shaft also provide origin for extensors, flexors, and 
abductors of the manus and digits (Davis, 1964; Taylor, 1974). The ulna of A. simus appears to 
have a slightly less elliptical midshaft than other ursids, which is consistent with the apparently 
reduced strength of the extensors associated with the olecranon and would also indicate smaller 
origin areas for the abductor pollicis longus, extensor indicus proprius, and flexor digitorum 
profundus (Davis, 1964), suggesting weaker abduction, extension, and flexion of the manus and 
digits, strength of which is necessary for the manual dexterity required in grappling large prey or 
manipulating plant material during foraging.  
The distal ulnar head of A. simus is low among the ursids, though that of the polar bear is 
lowest, and this indicates reduced supination of the forearm (Taylor, 1974). The lion is even 
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more limited in this sense, but the ulnar head of the hyena and wolf form depressions instead of 
protruding processes, reflecting the close locking of the radius and ulna in these species. 
Furthermore, reducing the height of this process further decreases the volume available for the 
pronator quadratus. The relative size and shape of the semi-lunar notch is likely a reflection of 
adaptive modifications of the distal humerus and not under direct selection itself. This is evident 
by the fact that the ulna of the wolf and hyena account for about the same proportion of the limb 
(UL/HL), but the semi-lunar notch of the hyena takes up a greater proportion of the length of the 
ulna (SLNL/UL). That is, the relatively greater size of the semi-lunar notch of the hyena is likely 
accounted for by the larger distal humeral articulation and not by a relative reduction in the 
length of the ulna. The relative length of the semi-lunar notch of A. simus is most similar to the 
polar and brown bears, but shows overlap with the hyena and at least one specimen of lion. The 
shape of the notch (SLNL/SLND) is most like the sun bear and wolf.  
It is not clear what function a mediolaterally wide styloid processes offers the ursids, but 
the non-ursid carnivorans tend to have narrower styloid processes, and it is possible that the 
wider styloid process permits greater mediolateral rocking of the manus at the wrist joint. In this 
respect, A. simus is no different than the black and brown bear or its closest relative, the 
spectacled bear. Thus despite many adaptations of the ulna suggestive of reduced mediolateral 
deviation and supination-pronation and weaker extension-flexion of the forearm, the wrist may 
offer some support for mediolateral deviation. Interestingly, the styloid process cross-section for 
the average sun bear is relatively circular. This may indicate relatively equal support and 
freedom of this portion of the sun bear's ulna-carpus articulation, reflecting its highly arboreal 
habits. 
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Radius 
 While the ulna is primarily responsible for extension-flexion at the elbow, supination-
pronation occurs by means of the radius rotating in the radial notch and ulnar head of the ulna. 
Appropriately, muscles originating or inserting on the radius include those that pronate and 
supinate the forearm and manus (pronator teres, pronator quadratus, supinator) and abduct the 
manus (abductor pollicis longus). Freedom of rotation is increased by circularity of the head and 
the extent to which the articular surface for the radial notch wraps around the side of the head 
(Rose, 1988). As with the previously described elements, cursors exhibit morphological features 
that limit rotation and focus motion in the parasagittal plane. The articular surface for the 
scapholunar may be mediolaterally wide and the distal ulnar notch is relatively low, reducing 
mediolateral deviation and supination-pronation (Taylor, 1974; Swiderski, 1991). Forearm 
flexion also occurs by means of insertion of the biceps and brachialis on the proximal radial 
tuberosity and of the pronator teres on the distal shaft, and the flexor digitorum profundus aids in 
flexing the digits (Davis, 1964). 
 Separation between the species is not as well-defined for the radius as was the case for 
the ulna. While there is a definite separation of Canis lupus from Crocuta crocuta + P. leo, there 
is considerable overlap between C. crocuta and P. leo, and the ursids are highly spread 
throughout PC1-PC2 space. In general, the radius of Canis lupus is characterized by a large 
radial head angle, anteroposteriorly wide scaphoulnar articular surface relative to midshaft width, 
a more circular midshaft, shorter styloid process, and narrower radial head (negative PC1). 
Panthera leo and Crocuta crocuta show very similar morphology regarding these features, but 
are slightly removed in the direction of the ursids. Ursus malayanus represents the positive 
extreme of PC1, having a more anteroposteriorly elongate midshaft, longer styloid process, 
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smaller radial head angle, and less extensive scapholunar articular surface, but is removed from 
the other ursids due to its mediolaterally narrower midshaft (negative PC2). Tremarctos ornatus 
presents slightly higher PC2 scores, but A. simus predominantly clusters in positive PC2 space 
with a mediolateraly wider midshaft, most similar to that of U. arctos and surpassing that of U. 
maritimus and C. crocuta, the next most similar species. Specimens of U. americanus are 
scattered throughout the entire ursid morphospace. Interestingly, an anteroposteriorly wider head 
relative to midshaft width pulls A. simus to the negative PC3 space along with C. crocuta, Canis 
lupus, and P. leo, and the StepDFA indicates that carnivores are characterized by a very large 
radial head angle; Arctodus simus overlaps with the non-ursid carnivore morphospace 
considerably moreso than the carnivorous U. maritimus. In fact, the radius of U. maritimus is 
virtually indistinguishable from that of U. arctos and U. americanus. The only additional 
separation among the ursids is that T. ornatus and U. malayanus are pulled to negative DF2 
scores because of a less extensive scapholunar articular surface. The strong separation of A. 
simus from T. ornatus suggests that there is little phylogenetic control on the radial morphology 
of these bears.  
 The Ursidae Only PCA confirms the results of the All Species analyses, reiterating the 
trend that U. malayanus has a more anteroposteriorly elongate midshaft than the other Ursus spp. 
and that A. simus has a more mediolaterally extensive scapholunar articular surface relative to 
the distal radial width. Regarding these variables, A. simus most completely overlaps the 
morphospace of U. maritimus and U. arctos, which in combination with its greater radial head 
angle makes it unique among the bears (and convergent in the direction of the non-ursids). 
 The PCA of 3D landmarks reveals very intriguing trends in radial morphology. The 
radius of Canis lupus and Crocuta crocuta show strong convergence in PC1-PC2 space, only 
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finding separation along PC3 due to the slightly more robust radius of C. crocuta with a shorter 
radial tuberosity, wider distal end, and longer styloid process than that of Canis lupus. Panthera 
leo is entirely within the ursid PC1-PC2 morphospace, caught within a trend of progressively 
decreasing PC2 and increasing PC1 values from U. malayanus + T. ornatus to U. americanus to 
P. leo to U. arctos + Amphicyon ingens to U. maritimus to Arctodus simus (with minor overlap 
between each successive species). Thus it is supported again that the radius of A. simus has a 
relatively wider head that is oriented at a greater angle to the shaft than in other ursids, but is 
most similar to U. maritimus. Its overall robustness makes it rather different from C. lupus and 
Crocuta crocuta, but it is convergent with the latter in some features, including the orientation of 
the radial head, relative distal width, and relative lengths of the radial tuberosity and styloid 
process (medial PC3 values). The radius of P. leo, most similar to that of U. americanus and U. 
arctos in PC1-PC2 space, is pulled above all species on PC3 except for minor overlap with some 
U. maritimus and a single A. simus outlier. Interestingly, U. arctos and A. ingens plot with lower 
PC3 scores, making them more similar to Canis lupus than Crocuta crocuta along this axis. 
The distal radius of A. simus is similar to that of the lion and wolf (and to a lesser extent, 
the hyena) because the articular surface for scapholunar comprises 0.78 of the mediolateral width 
of the distal radius. Total distal radius width is controlled by the height of the ulnar notch and the 
development of the tuberosity on the lateral side of the distal radius (proximal to the styloid 
process) where grooves for the tendons of several digit extensors exist (Davis, 1964). Moreover, 
the styloid process of A. simus is the smallest (RSPH/RL) among the bears, apart from the black 
bear. Because the styloid process of the non-ursid carnivorans, especially of the wolf and hyena, 
is practically negligible, the reduction likely is a means of reducing the distal weight of the 
radius and might indicate underdevelopment of the digit flexors that pass here (Davis, 1964). 
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Additionally, a mediolaterally wider scapholunar articular surface tends to restrict motion at the 
wrist to flexion-extension (Swiderski, 1991). Despite its relatively larger mediolateral width, the 
articular surface of A. simus is actually the least elliptical (RSLL/RSLW) of the larger bears, the 
most elliptical belonging to the polar and brown bears (greater even than the non-ursids), and the 
least elliptical to the sun and spectacled bears, reflective of their more herbivorous and arboreal 
habits.  
The radial head is situated at a greater angle relative to the shaft and is intermediate 
between the other ursids and the non-ursid cursorial predators. This is an example of a 
morphological feature that can be explained either by large body size or cursorial locomotion. In 
the first case, articular facets positioned nearly perpendicular to the long bone shaft helps to 
transmit body weight with minimum bending strain in the bone (Hildebrand, 1974). On the other 
hand, a more proximally facing radial head passively extends the forearm, increasing stride 
length, and is consistent with the more erect posture predicted by a more posteriorly angled 
olecranon. The radial head of A. simus is on average most similar in shape (RHAPW/RHMLW) 
to that of the lion, sun bear, and polar bear and in size (RHAPW/RAPW, RHMLW/RMLW) to 
that of the hyena and black bear, though much overlap exists between the species. Still, an 
anteroposteriorly reduced radial head is presented by the hyenas and some wolves and lions (as 
well as A. simus) suggesting some advantage of the feature to cursorialism, perhaps freeing the 
radius to flex-extend to a greater extent on the capitulum. It should be noted though that the 
radial head of wolf and hyena taper to a point on the medial border that acts as a stop when the 
head rotates in the radial notch of the ulna (recognized in some primates by Rose, 1988). Though 
the medial border of the head in A. simus is somewhat more tapered than other ursids, it does not 
form such a pointed stop. When considering only the orientation of the head and relative size of 
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the scapholunar articular surface, the radius of A. simus is more like the cursorial non-ursids than 
the other bears (All Species StepDFA and PCA2), and when only ursids are considered, the 
radius of A. simus is most like the polar and brown bears in its robustness and head shape/size, 
but is unique in its head orientation. Details regarding the amount of rotation available at the 
humeroradial joint in primates described by Rose (1988), characterizing the subtle differences in 
head shape and articular surfaces, should be more closely inspected in A. simus and other 
carnivorans. 
The midshaft of the general ursid radius is more circular (RAPW/RMLW) than that of 
non-ursid cursorial carnivorans which tend to be mediolaterally elongate. Especially in the case 
of wolf and hyena, this probably permits better locking of the radius against the ulna. Comparing 
a regression of shaft ellipticity (RAPW/RMLW) on relative midshaft mediolateral width 
(RMLW/RL) and a regression of RAPW/RMLW to relative midshaft anteroposterior width 
(RAPW/RL) demonstrates a stronger correlation between the latter pair (r = 0.87 versus r = -
0.48). I take this to indicate that the increasing circularity of the ursid radius midshaft and 
ultimate anteroposteriorly elliptical shape in several species (especially sun and spectacled bears) 
is controlled more by increasing anteroposterior width and less so by decreasing mediolateral 
width. If Taylor (1974) is correct that anteroposterior elongation of a long bone shaft increases 
its strength against flexors and extensors, then the relationship just described may reflect a 
greater importance of flexors and extensors in ursids than in the lion, hyena, and wolf. Among 
the bears, A. simus exhibits a radial robustness (RAPW/RL, RMLW/RL) and shaft ellipticity 
(RAPW/RMLW) similar to the brown and polar bears, all of which fall on the low side of the 
ursid morphospace regarding these variables, suggesting a greater importance of flexors-
extensors in the sun and spectacled bears (Taylor, 1974). Interestingly, the omnivorous black 
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bear overlaps both the ursid and non-ursid morphospaces, partially due to its circular to slightly 
mediolaterally elongate midshaft. Rather than locking the radius into the ulna as in the wolf and 
hyena, a more circular midshaft cross-section may simply reflect a more equal amount of support 
against forces from all directions (i.e., a generalist condition).  
The distal extent of the radial tuberosity, the insertion of the biceps, is no more proximal 
than any other species examined, including the wolf and lion; however, that of the hyena is 
considerably more proximal, indicating reduced mechanical advantage of the biceps and thus 
weaker and faster forearm flexion. Curiously, that of the wolf is no different from the ursids, 
revealing a discrepancy between the “brand” of cursorialism displayed by the wolf and hyena. 
Finally, though the curvature of the shaft (RBA) is essentially equivalent between all species 
observed (~166°), the average location of this angle is positioned most distally in the tremarctine 
bears (RBI/RL ~0.58-0.61), though this is only slightly more distal than in the ursines. That of 
the non-ursid carnivorans occurs just proximal to midshaft, which might permit a more 
symmetrical fit of the radius over the ulna, packing them closer together (an adaption for 
cursorialism; Hildebrand, 1974). It is unclear what benefit a more distally positioned shaft angle 
may offer the bears.  
Scapholunar 
 This carpal bone comprises the main wrist articulation, sliding along the distal articular 
surface of the radius (Davis, 1964; Yalden, 1970), and represents a fusion of the scaphoid, lunar, 
and centrale carpals (Flower, 1885). Yalden (1970) suspects that this fusion permits the entire 
distal carpal row (trapezium, trapezoid, magnum, unciform) to move as a single unit in flexion-
extension. The shape of the proximal articular surface of the scapholunar thus controls the 
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amount of flexion-extension, abduction-adduction, and supination-pronation of the manus at the 
wrist (Swiderski, 1991). Influences on the amount of these movements include a “shelf” on the 
proximomedial side of the facet, acting as a stop against the radius during flexion (Felidae, 
Canidae, Hyaenidae) and the extent to which the facet reaches the anterior and posterior surface, 
influencing flexion and hyperextension (Yalden, 1970). The distal surface presents three main 
articular facets for the trapezium+ trapezpoid, magnum, and unciform (Davis, 1964), and the 
irregularity of these surfaces effects the deviation possible at the mid-carpal joint (Yalden, 1970). 
In general, no mediolateral deviation occurs at the mid-carpal joint, and flexion-extension is 
predominantly controlled by the sliding of the magnum on the scapholunar (Yalden, 1970). 
Variation in the mediolateral width of the distal facets of the scapholunar likely plays more of a 
role in the orientation and size of the carpals that articulate here. Very little comparative 
information could be found regarding the relationship between the scapholunar and the 
musculotendinous system of the manus, but in humans the abductor, adductor, and flexor of the 
first digit (abductor pollicis brevis, opponens pollicis, flexor pollicis brevis) arise from the 
scaphoid tubercle (Davis, 1964; Richardson, 2011) and insert on the lateral side of the base of the 
first metacarpal, passing around the radial sesamoid; the sesamoid in turn is embedded within the 
tendon of the extensor brevis pollicis (Reighard and Jennings, 1901) which extends the first digit. 
 Upon examining the PC1-PC2 space for the All Species PCA, a distinct separation 
between the feliforme (P. leo and Crocuta crocuta) and caniforme (ursids and Canis lupus) 
scapholunar is immediately apparent. This distinction is occurs along PC2 and is driven by the 
relatively longer posterior process and mediolaterally narrower trapezoid+trapezium articular 
facet of the caniformes (the only caniforme to violate this division is T. ornatus). Panthera leo 
and Crocuta crocuta are indistinguishable along PC1 due to similarly tall and narrow magnum 
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articular facets. In this respect, the two species are similar to the distribution of the ursid species 
(clustered around 0.0); however, Canis lupus plots with exclusively positive PC1 values, and A. 
simus plots with predominantly negative PC1 scores, including a far removed outlier. Despite the 
tight clustering of ursids in PC1-PC2 space, there is a general trend with decreasing PC1 values 
from U. maritimus+U. arctos to U. americanus to T. ornatus+U. malayanus to A. simus. The 
ursids and feliformes are further divided among themselves along PC3. Here P. leo, C. lupus, 
and A. simus are pulled to positive PC3 scores due to the relatively mediolaterally wider and 
proximodistally narrower shape of the scapholunar and a proximodistally shallower radius 
articular facet. Crocuta crocuta, U. maritimus, U. arctos, and U. americanus plot predominantly 
within -1.0 of PC3=0.0, but with several specimens having positive scores. Ursus malayanus and 
T. ornatus have the most negative values, indicating a slightly more cubic scapholunar with a 
deeper radius articular facet.  
 Diet groups are relatively well distinguished on the All Species StepDFA with the 
carnivores, including three of four specimens of U. maritimus having relatively shorter posterior 
processes (positive PC1) and herbivores having the longest (negative PC1). Omnivorous species 
are sandwiched in the middle. Each group is further spread out along PC2 with T. ornatus 
presenting a squarer radius articular facet and a more distally-facing trapezoid articular facet 
(negative PC2). Crocuta crocuta overlaps T. ornatus PC2 values but extends into values just 
negative of 0.0. No species plots with exclusively positive PC2 values, but specimens with the 
highest PC2 scores (i.e., the most mediolaterally elongate radius articular facets and medially-
facing trapezoid articular facets) belong to U. americanus, U. maritmus, U. arctos, Canis lupus, 
Crocuta crocuta, and A. simus. Specimens of U. malayanus and P. leo are more tightly clustered 
around PC2=0.0. Given the distribution of species in this morphospace, the scapholunar of A. 
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simus is most similar to that of the omnivorous U. arctos and U. americanus as well as of the 
carnivorous U. maritimus. There is no substantial overlap between A. simus and T. ornatus or U. 
malayanus. 
 Eliminating the non-ursids from the analyses provides somewhat better resolution of the 
distribution or ursid species in the scapholunar morphospace. The most obvious separation 
occurs between T. ornatus+U. malayanus and the other Ursus species due to the squarer radius 
articular facet of the former (negative PC2; similar to the All Species analyses). Arctodus simus 
shares this feature with the three larger Ursus species. However, A. simus also tends to have the 
relatively widest magnum articular facet and narrowest trapezium+trapezoid articular facet, 
setting this species to the most negative values on PC1. The remaning ursids overlap extensively 
on this axis. PC3, describing the orientation of the trapezium articular facet, offers some 
additional species discrimination. Specifically, U. maritimus and T. ornatus are restricted 
predominantly to positive values, representing a more distally facing facet (and likely a less 
medially diverging second digit). Arctodus simus overlaps these species extensively, and though 
some overlap is evident in the distribution of U. malayanus, U. arctos, and U. americanus, these 
species also extend to more negative values. Thus this particular character (SLTA) may be 
relatively plastic among ursids.  
 The Ursidae Only StepDFA yields similar results to the PCA. The herbivorous T. ornatus 
tends to have the squarest radius articular facet, followed by specimens of U. malayanus. The 
remaining ursids, including A. simus overlap on this axis, but DF2, describing the orientation of 
the trapezium+trapezoid articular facet, separates the carnivorous U. maritimus to high positive 
values (more anteriorly facing facet). Omnivorous species tend to cluster in a widely spread 
morphospace in which U. malayanus tends to have lower DF1 and DF2 scores, U. arctos and U. 
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americanus plot with high values for both DFs, and A. simus plots in between. Thus it is again 
supported that the scapholunar of A. simus shows no considerable deviation away from the 
general omnivore shape.  
 PCA of the scapholunar landmarks show close clustering of A. simus with U. maritimus 
along the first three PCs. While the landmark analyses of the elements described thus far tend to 
show convergence in the direction of P. leo and to a lesser extent Crocuta crocuta and Canis 
lupus, the scapholunar of A. simus does appear to be most similar to the carnivorous ursid, 
plotting with the highest PC1 scores, low positive PC2 scores, and low negative PC3 scores. This 
distribution corresponds with a squarer scapholunar with a relatively wide magnum articular 
facet, narrow trapezium+trapezoid articular facet, and prominent and wide posterior process. 
Ursus arctos plots with slightly less positive PC1 scores, followed by U. americanus, U. 
malayanus, and finally T. ornatus. Ursus arctos plots with PC2 scores lower than U. maritimus 
and A. simus due to a less prominent posterior process, greater proximodistal width, and more 
mediolaterally wide radius articular facet (negative PC2 scores). Each ursid species occupying 
progressively lower PC1 scores also scores with increasingly positive PC2 values, with U. 
americanus sharing PC2 scores with U. maritimus and A. simus, and U. malayanus and T. 
ornatus plotting with PC2 scores higher than these species. Tremarctos ornatus shows no 
overlap with A. simus in PC1-PC2 space. Panthera leo is most similar to T. ornatus and U. 
malayanus regarding PC1 scores, but scores with negative PC2 values most similar to U. arctos, 
Canis lupus, and Crocuta crocuta. These latter two are greatly separated from the rest of the 
species along PC1 due to a very short posterior process, a relatively wide trapezium-trapezoid 
articular facet, narrow magnum articular facet, and overall strongly mediolaterally elongate 
shape. Canis lupus separates from Crocuta crocuta because its posterior process is slightly 
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longer and narrower, the trapezium+trapezoid articular facet is slightly narrower, and the body of 
the scapholunar is overall mediolaterally and proximodistally narrower. The third PC reorganizes 
the species based on finer detail of the posterior process and width of the trapezium-trapezoid 
articular facet and results in the clustering of A. simus and U. maritimus in PC2-PC3 space and 
the overlap of several specimens of P. leo and C. crocuta with this group strictly on PC3. Ursus 
arctos, U. americanus, and U. malayanus are far removed from the other species due to a longer 
posterior process and narrower trapezium-trapezoid articular facet. Most specimens of C. 
crocuta, Canis lupus, and T. ornatus fall between the morphospaces of A. simus+U. maritimus 
and U. arctos+U. americanus+U. malayanus. 
The scapholunar of A. simus presents the shortest tubercle among extant ursids 
(SLPPL/SLRW), a feature noticed by Merriam and Stock (1925). This feature does not converge 
to the great degree as in the wolf, hyena, or lion, but reduction of the tubercle does suggest a 
decreased importance of flexion, abduction, and adduction of the first digit (the size is greatest in 
the more arboreal and herbivorous sun and spectacled bears). The tubercle is negligible in the 
wolf, hyena, and lion and is consistent with their more cursorial, predatory lifestyle. That of the 
wolf is slightly larger than that of the hyena and lion, and given its similarly cursorial locomotor 
abilities and limited manipulative capacity of the manus, a relatively larger scapholunar tubercle 
may be characteristic of the Caniformes in general. This is supported by the clear division of the 
caniformes and feliformes along PC2 of the All Species PCA.  
Articular surface for the trapzeium+trapezoid is narrowest in A. simus, and that for the 
magnum is widest compared to the width of the scapholunar. Merriam and Stock (1925) 
recognized this, and suggested that the first digit was less medially divergent. A look at the 
articulated manus (see section on posture) demonstrates that this is so. Hildebrand (1974) 
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describes that closer packing of the metacarpals, the extreme of which is seen in the wolf and 
hyena, is a cursorial adaptation. The relatively larger facet for the magnum may simply be a 
consequence of the reduction of the facet for trapezium+trapezoid, but these features appear to 
be the most important differences between the species observed (variables correlated to PC1 and 
PC2 of All Species PCA). A greater importance of articulation with the magnum may reflect a 
greater importance of flexion-extension at the mid-carpal joint (Yalden, 1970). 
A feature of the non-ursid carnivorans is a mediolaterally wide articular facet for the 
radius (SLRL/SLRW) that does not extend very far onto the anterior surface (SLAD/SLW). 
Yalden (1970) demonstrates that the latter feature limits hyperextension and indicates a greater 
degree of digitigrady in the manus. The scapholunar radial articular facet of A. simus is less 
ovoid than that of the polar, brown, and black bears, but more elongate than that of the 
spectacled and sun bears. It is most similar in this regard to that of the hyena, and its value of 
SLAD/SLW suggests the least amount of hyperextension among the bears. The forelimb of 
ursids tends to be more digitigrade, while the hindlimb is plantigrade (Yalden, 1970), and the 
morphology of the scapholunar of A. simus may indicate a greater degree of digitigrady in the 
forelimb. Swiderski (1991) discussed the role that the mediolateral width plays in abduction and 
adduction of the wrist in squirrels. It follows that the somewhat narrower facet displayed by the 
sun and spectacled bears accounts in part for the greater dexterity required in climbing and 
foraging for vegetation, while the wider facet of the larger bears, wolf, and lion limit these 
abilities. The wrist joint of A. simus might therefore retain some ability to adduct and abduct the 
manus to a degree similar to that of the spotted hyena. 
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Magnum 
 Unfortunately, only one principal component could be extracted for both the All Species 
and Ursidae Only analyses, and no species are entirely separated along PC1 with the exception of 
P. leo in the All Species run. Canis lupus, Crocuta crocuta, and A. simus hold exclusively 
positive PC1 scores due to the overall mediolaterally narrower magnum (specifically, the MCIII 
articular facet) and more anteroposteriorly oriented posterior keel. The three larger species of 
Ursus plot with exclusively negative values, and P. leo plots with the most negative scores, 
having a squarer MCIII articular facet and more rotated posterior keel. Ursus malayanus and T. 
ornatus span either side of PC1=0.0, but are skewed to negative scores. There is little overlap 
between T. ornatus and A. simus. The trends observed in the Ursidae Only analyses are 
essentially identical, with A. simus plotting with the most positive scores along PC1, a result of 
the narrower MCIII articular facet and more anteroposteriorly oriented posterior keel. 
 Convergence of the scapholunar between A. simus and Crocuta crocuta+Canis lupus is 
not as strongly supported by the landmark morphometric analyses. To the contrary, A. simus 
plots with the most positive PC1 scores, while C. lupus (and to a lesser extent, Crocuta crocuta) 
plot with the most negative PC1 values. This is apparently due to a more posteriorly oriented 
maximum point of curvature of the posterior keel (this point moves more distally in the ursids) 
and relatively wider MCIII articular facet in Canis lupus. Arctodus simus is most similar to U. 
maritimus and to a lesser extent U. arctos in this respect. Interestingly, P. leo appears to be more 
convergent with U. arctos (positive PC1) than does U. americanus (low negative PC1), and T. 
ornatus+U. malayanus display higher negative PC1 scores similar to Crocuta crocuta. There is a 
separation of Canis lupus, Crocuta crocuta, P. leo, and several specimens of the ursids (except 
for U. malayanus and T. ornatus) to positive PC2 scores due to a slightly proximodistally 
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narrower magnum and a more concave MCIII articular facet with an anterior border that is wider 
than the posterior border. Regarding these features, the magnum of A. simus appears to be more 
similar to T. ornatus, U. malayanus, and U. americanus, but species of Ursus span either side of 
PC2=0.0, so this division is not perfect. Interestingly, PC3 pulls A. simus and C. crocuta to high 
positive values apparently due to an even more concave MCIII articular facet, a reduction in the 
posterior extent of the keel, and a more mediolaterally wide anterior border of the MCIII 
articular facet. Ursus maritimus and U. arctos have the most negative values along this PC, 
overlapping T. ornatus, U. malayanus, and P. leo. Ursus americanus and Canis lupus plot with 
positive scores just below A. simus and Crocuta crocuta. 
 Flexion of the magnum on the scapholunar in extant ursids results in lateral deviation of 
the entire distal carpal row because of the more titled magnum keel (Yalden, 1970). A posterior 
keel that is more anteroposteriorly oriented confines the direction of rotation against the 
scapholunar more in line with the parasagittal direction of motion (i.e., the direction of flexion-
extension of the digits and manus; Yalden, 1970). Though the average value for A. simus is not 
much greater than that of other ursids, some specimens reach values as high as 80° (from 
horizontal) and are equivalent to values achieved by the wolf and spotted hyena, cursorial 
species with limited capabilities of manus abduction-adduction. A mediolaterally narrow MCIII 
articular facet would limit abduction and adduction of the third metacarpal and focus motion at 
this joint mainly to flexion-extension. Moreover, the greater concavity of this facet would 
constrain even the flexion-extension of the carpal-metacarpal joint, a general trend in joing 
morphology seen in cursorial carnivorans (Hildebrand, 1974) like the spotted hyena and gray 
wolf. The functional implications of a mediolaterally wider MCIII articular facet anterior border 
are unclear, though it may provide a greater surface area for muscles and tendons involved in the 
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finer manipulations of the digits. The ratio of MCIII facet length (MAGL) to total proximodistal 
length was not calculated as in Merriam and Stock (1925); however personal observations and 
the results of the landmark analysis indicate that this value (Prox-Dist length / MAGL) would be 
lowest in the non-ursid carnivorans, and is probably approached by A. simus given the reduced 
posterior keels of these species. While not contributing to lengthening the manus, a reduced 
magnum may serve to lighten the manus and pack the carpals closer together, both cursorial 
adaptations (Hildebrand, 1974) Flexion-extension at the mid-carpal joint may also be reduced 
(Yalden, 1970). 
Third Metacarpal 
 Metacarpals articulate with the distal row of carpals, forming the distal carpal joint 
described by Yalden (1970) as “not functionally very important.” Curvature of the concave distal 
carpals and convex proximal metacarpals is small enough as to permit very little flexion, and the 
metacarpals together tend to move as a single unit (Yalden, 1970). Instead, abduction-adduction 
of the individual digits occurs primarily at the joint between the distal metacarpal head and the 
base of the proximal phalanx (Yalden, 1970). Specific to the third metacarpal, its proximal base 
serves as insertion for the flexor capi radialis and extensor carpi radialis brevis, a flexor and 
extensor of the manus, respectively, at the wrist joint. The tubercles on either side of the distal 
head serve as attachment sites for collateral ligaments that stabilize the joint during flexion of the 
digits (Davis, 1964), and the overall shape and size of the head and tubercles likely influence the 
morphology of the articular surface of the proximal phalanx, the insertion point for the extensor 
digitorum communis which extends the digit on the metacarpal head. Finally, the space between 
the metarcapals is occupied by interosseus muscles that control abduction and adduction of the 
digits (Davis, 1964). The importance of these muscles is reflected in the shaft of the metacarpals 
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and the space between them when articulated (see section on posture). For example, cursorial 
predators like the gray wolf and spotted hyena sacrifice mediolateral deviation of the wrist and 
digits and accordingly have closely packed metacarpals and reduced interosseus muscles 
(Hildebrand, 1974?). 
 All Species PCA for the third metacarpal indicate that A. simus presents a much 
unspecialized ursid shape. Plotting with decreasingly negative scores are Canis lupus, Crocuta 
crocuta, and P. leo (with the exception of one specimen) due to an increasingly narrow midshaft 
width in these species. Panthera leo overlaps U. malayanus and T. ornatus to a small degree, and 
the remaning ursids plot with exclusively positive scores. Ursus maritimus plots with the lowest 
positive scores, overlapped by U. arctos and U. americanus, the latter of which extends to higher 
values. Tremarctos ornatus spans the entire ursid distribution and appears to present a specimen 
with the most robust metacarpal. Arctodus simus plots with scores higher than U. maritimus and 
overlapping entirely with U. americanus, several T. ornatus, and one P. leo specimen. Thus 
Arctodus simus appears to have a rather robust metacarpal relative to other ursids. 
 Similar trends are demonstrated by the All Species DFA in which the carnivorous non-
ursids plot in negative DF1 and DF2 space due to relatively gracile metacarpals (negative DF1) 
with narrow distal ends (negative DF2). Ursus malayanus shares this latter morphology but is 
more robust overall (positive DF1). The omnivorous Ursus americanus and U. arctos tend to 
have somewhat wider distal ends, plotting with DF2 scores around 0.0, and U. maritimus and T. 
ornatus have the widest distal ends. Arctodus simus specimens are spread throughout the ursid 
morphospace, and do overlap T. ornatus. The morphology of the third metacarpal of A. simus 
thus appears most similar to other omnivorous bears to the exclusion of U. malayanus which has 
more herbivorous tendencies than the others. 
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 The Ursidae Only PCA confirms the results of the All Species analyses with added 
information provided by PC2. Arctodus simus plots with positive PC2 scores along with the 
species of Ursus due to a less mediolaterally wide midshaft cross-sectional shape, while that of 
U. malayanus and several specimens of T. ornatus are somewhat wider (negative PC2). The 
resulting StepDFA demonstrates that the finer diet tendencies of these ursids are not well 
distinguished based solely on the relative distal widths of the third metacarpal. All species 
overlap, but T. ornatus generally has wider distal ends (more prominent tubercles on either side 
of the head), while U. malayanus has the narrowest distal end. 
 Though showing closest affinities to other ursids, especially U. maritimus and U. arctos, 
the landmark analyses indicate that the morphology of the third metacarpal of A. simus is 
somewhat unique. The same trend of increasing gracility is seen for P. leo, Crocuta crocuta, and 
Canis lupus with progressively higher PC1 and PC2 scores. Ursids occupy negative PC1 space 
because of their increased robustness, anteroposteriorly tall articular facets for MCII and MCIV, 
and relatively deep distal keel. Arctodus simus scores with the highest negative PC2 values 
resulting from a deeper keel, slightly narrower distal tubercles, and narrower MCIV articular 
facet compared to other ursids. Ursus maritimus and U. arctos share the same morphospace as A. 
simus, while U. americanus plots with low positive scores. Tremarctos ornatus and U. 
malayanus, in turn, have metacarpals that exhibit slightly wider distal ends, shallower keels, and 
wider MCIV articular facets. PC3 indicates that A. simus clusters with U. maritimus, but shares a 
PC3 range with Crocuta crocuta, Canis lupus, and to a lesser extent, T. ornatus. On the other 
hand, U. arctos, U. americanus, U. malayanus, and especially P. leo plot with negative PC3 
values. This is due to a more proximally reaching keel and short, wide MCII and MCIV facets. 
The opposite is true of A. simus. 
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 In general, the third metacarpal of the wolf and spotted hyena are mediolaterally wider 
and “flatter” than the lion and ursids. Howell (1944) and Hildebrand (1974) suggest that this 
cross-sectional shaft shape allows the metacarpals to be more closely packed together, making 
the manus more stable, parallel to the direction of motion, and lighter due to reduced 
musculature. Alternatively, the third metacarpal of the African lion is nearly circular in cross-
section and may reflect the greater freedom of abduction-adduction necessary among the digits 
of this speies for use in prey capture. Freedom to a lesser degree is evident in the ursids, and they 
are generally indistinguishable by their metacarpal cross-sectional shape (though on average, that 
of the sun bear is equivalent to that of the wolf and hyena, the wider metacarpals perhaps 
increasing the supporting surface area in contact with branches during arboreal locomotion).  
 For A. simus, the larger distal keel and reduced distal tubercles bordering the head might 
increase the locking of the metacarpophallangeal joint into flexion-extension (Hildebrand, 1974) 
and reduce the need for tendinous stabilities duringt his motion. Moreover, reduced tubercles 
decrease the distal width of the metacarpal, allowing closer packing of the metacarpals and 
reduced volume for interosseous muscles controlling digit abduction-adduction (Davis, 1964). 
Coupled with the already commonplace observation that the metacarpals of A. simus are 
relatively gracile for a bear of its size (Merriam and Stock, 1925; Kurtén, 1967; Mathues, 2003; 
despite a similar midshaft:length ratio, Matheus (2003) explains the allometric considerations 
that reveal its gracility), the unique shape of the third metacarpal suggests adaptations towards a 
more cursorial behavior than extant bears. 
Interelemental Variables: Limb Posture and Proportions 
 The posture of Arctodus simus agrees well with the functional interpretations drawn from 
its forelimb skeletal morphology. The anteroposterior angle formed between the humerus and 
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ulna (SOW) during the stance face was estimated as in Fujiwara (2009). This author 
demonstrated that the angle calculated from the ulna orientation (slightly different from OLA1 of 
the current study) very accurately predicts the elbow angle exhibited by many extant mammals 
(Fujiwara, 2009). Values calculated here may differ slightly from those of Fujiwara (2009) 
because the middle of the distal forearm (point W of Fig. 4F, Fujiwara, 2009) was herein 
approximated as the center of the articular surface of the distal ulnar head (for articulation with 
the ulnar notch of the distal radius) so isolated ulnae could be included. Comparison of values 
calculated here and those of Fujiwara (2009) suggest both methodologies yield similar results, 
and any deviations can most likely be explained by the relatively small sample sizes of both 
studies. The anteroposterior elbow angle of A. simus (~140°) is by far the most extended of the 
bears. Though erect limb posture is typically thought to coevolve with increasing body size as a 
means of transmitting weight throughout the limb while minimizing bending stress at the joints 
and within each long bone (Gregory, 1912; Biewener, 1989), the most similar elbow angles are 
presented by the considerably smaller African lion and spotted hyena (~136°), while the most 
crouched stance is displayed by the polar (~129°), sun (~129°), and spectacled bears (~124°). 
Sorkin (2006) infers that the more posteriorly angled olecranon of A. simus made it impossible to 
pounce from a crouched stance, but a greater passive anteroposterior elbow angle effectively 
increases stride length (by increasing limb length) regardless of whether or not this morphology 
was selected for by locomotor or body size constaints. 
 It was noted during data collection that the distal ulnar shaft is more medially deflected in 
some species over others, and the angle formed between the humerus shaft and distal ulna shaft 
when the two were articulated at a flexion angle of about 135° was recorded as the variable 
ELBOW. The forelimb of A. simus across the elbow joint is comparatively very straight  
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Figure 43: Humerus and ulna of species-representative specimens arranged in order of increasing medial deflection of ulna (ELBOW; 
see Table 9, Figure 9, Appendix A). Images are scaled to equal humerus+ulna length with humeri parallel. Elements were 
photographed with ulnae horizontal and humeri elevated approximately 45°. 
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compared to other ursids and is most similar to that of the gray wolf (~175°; Figure 43). One 
black and two brown bears approach a value of 170-172°, but these appear to represent higher-
than-average outliers, and most of the bears range between 160° and 169° of ulna shaft medial 
deflection. Greatest medial deflection of the ulna is presented by the sun bear and spotted hyena 
(~155°), though the latter is based on only one specimen. This is logical for the sun bear because 
it would place the forearm and manus at an osteologically controlled medially-deviated position 
that would be advantageous for a primarily arboreal animal. Interpreting the tight angle for the 
spotted hyena is more difficult given its tendency for running long distances, but perhaps it is an 
advantage for manipulating prey and carrion, particularly when defending it from other hyenas at 
the kill site. For the lion and other bears, this angle would suggest that the elbow should be 
splayed laterally by means of the shoulder joint, which would limit locomotor efficiency, but 
permit more manipulative abilities of the hand by allowing the animal to direct its manus 
towards an object. Conversely, the degree to which A. simus or a gray wolf can manipulate an 
object between its forepaws must predominantly be controlled by the degree to which it can 
abduct and medially rotate its entire forelimb at the shoulder joint because the ulna and elbow do 
not help in this manner. 
 The angle formed by the articulated radius and ulna is surprisingly conservative among 
the carnivorans analyzed and ranges from about 167° to 175°. That of A. simus and the polar bear 
are skew to the lower side of this spectrum, but the curvature of the radius and distal carpal 
articular facet appear to compensate for this in that the manus (as defined by the scapholunar) is 
no more medially oriented in a neutral position than the orientation of the ulnar shaft.  
 A final postural variable (WRIST) was the angle formed between the long axis of the 
scapholunar articular facet of the radius (approximating the plane of the manus) and the plane of  
181 
 
 
 
 
Figure 44: Radius and ulna in distal view of spieces-representative specimens arranged in order of increasing average angle of 
pronation (WRIST; see Table 9, Figure 9, Appendix A) of the wrist joint. On average, the wrist joint of Arctodus simus is nearly as 
pronated as that of the cursorial Canis lupus. Interestingly, the convergent cursorial predators, Crocuta crocuta and Canis lupus, fall 
on opposite ends of the spectrum, suggesting a greater reliance on manual dexterity by the former. Tremarctos ornatus is here 
excluded because of the great variability among the two specimens for which WRIST was measured. 
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the olecranon of the articulated ulna (where 0° is parallel to the olecranon and 90° is entirely 
prone). The rotation of the manus about the long axis of the ulna for A. simus was most similar to 
that of the African lion at about 50° (Figure 44). This is followed, in order of decreasing WRIST 
angle, by the sun and spectacled bears; the polar, brown, and black bears; and finally the spotted 
hyena with a value of ~28°. The manus of the gray wolf presents the most rotated orientation 
about about 63° to 78°. Having detailed the 3-dimensional movements of the forelimb elements 
of the domestic cat, Caliebe et al. (1991) demonstrate that the forepaw is constantly 
held somewhat supinated as the forelimb is protracted and is not pronated to horizontal until 
moments before the forepaw is placed in contact with the ground. Assuming this is a similar 
trend among carnivorans, the greater WRIST angle of the gray wolf might permit less 
energetically costly locomotion in that considerably reduced muscle activity is required to 
pronate the manus during each step. Conversely, with decreasing WRIST, the neutral state of the 
manus becomes progressively more supinated, with the palm facing progressively more 
medially. Muscular control of pronation would become increasingly more important during 
locomotion, and the manus could be moved through a greater range of motion (note that this 
interpretation assumes WRIST is the maximum supination angle of the wrist joint, but muscular 
action can likely supinate the wrist further. Rather, this variable is taken as an osteological 
indicator of how much supinator ability has been lost through evolution by selection for 
locomotor or foraging adaptations). This is logical for the bears and African lion, particularly the 
arboreal sun bear, given the more complex functionality of their manus, but as with the medial 
deflection of the ulna (ELBOW), the case of the spotted hyena is less obvious. Spotted hyena 
may rely more on pronation-supination of the forearm and manus in prey procurement and 
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carrion manipulation than the gray wolf, and this would also explain the generally more robust 
forelimb elements of the hyena. 
In summary, the forearm of A. simus is situated in a relatively parasagittal plane, that is 
the joints are straight and bend primarily by flexion-extension. Gregory (1912) and Biewener 
(1989) suggest that such a configuration is a means of dealing with body size, yet the posture of 
A. simus appears most similar to that of the smaller wolf or African lion based on the variables 
measured. It is possible that the convergent postures are achieved by two different means, one 
selected as a cursorial adaptation (Hildebrand, 1974), the other a consequence of body size 
(Gregory, 1912; Biewener; 1989). Regardless, the result is the same: a more energetically 
efficiently swung forelimb, less mediolateral deviation, and an increased stride length.  
The difference between the posture of gray wolf and A. simus is the orientation of the 
manus relative to the hinge motion of the elbow joint (WRIST). That of the gray wolf is around 
72°, while that of A. simus is about 50°. This would require that during locomotion either the 
manus of A. simus be pronated another 40° to become parallel with the ground surface or the 
elbow splayed 40° laterally (versus only about 20° for the wolf) by means of medially rotating 
the humerus in the glenoid fossa (the latter case would reduce the locomotor efficiency by 
countering the parasagittal orientation of the ulna about the elbow joint). However, it is 
impossible to state whether A. simus accounted for this manus orientation by rotating the wrist or 
rotating the elbow by means of the ball-and-socket shoulder joint, or a combination of both, 
without conducting a detailed study of the range of motion at these joints. Based on these three 
postural angles, while the forearm of A. simus did not project the manus medially as in a lion (but 
straight like the wolf), the manus was also rotated medially about the ulna shaft like the lion (not 
like a wolf), resulting in a more restricted parasagittal direction of motion but with more 
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manipulative capabilities of the forepaws. Viewed from a different perspective, this supports the 
interpretation of Matheus (2003) that Arctodus simus represents an evolutionary trajectory of a 
“typical ursid” towards a more cursorial form, perhaps under selective pressures that would 
ultimately have generated a bear convergent on the wolf, but cut short by extinction. 
Traditional Versus Geometric Morphometrics 
 Part of the endeavors reported here was to evaluate the merits of traditional ratio-based 
techniques and 3-dimensional landmark morphometric methods, and throughout the course of 
conducting this research, it became clear that each method has its advantages and disadvantages. 
On the one hand, linear ratios and angular measurements can be calculated from any shape or 
skeletal element without necessarily requiring biologically homologous points. For example, the 
shape of an element may be computed as a simple ratio of its maximum length and minimum 
width. However, this method essentially reduces any complex shape to a rectangle, and 
moreover, it ignores which features of the element are contributing to its length or width. 
Consider the humerus of Ccrocuta crocuta that has an enlarged greater tuberosity that extends 
proximally past the humeral head. If the greater tuberosity was to be reduced, but the distal 
condyles elongated, the measured length of the humerus might be unchanged. Alternatively, 
consider a generalized cylinder approximating the shaft of the humerus. If the proximal and 
distal ends of this cylinder each were to taper to a point, a robustness ratio calculated as the 
midshaft diameter over the object’s length would be equal to that of the unmodified cylinder. 
Clearly, a significant amount of shape data is lost from such a simple model. 
 I tried to account for this shortcoming by creating a suite of ratios that not only compared 
the size of features on each element (muscle attachment sites, for example) to the length of the 
element, but also to the other dimensions of the feature. In this way, both the relative 
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development of each feature and an estimate of its shape were considered in the analyses. But 
here, a trade-off is encountered: it takes a rather long time to obtain all of the measurements 
required to create the ratios used in this study, especially when adding in the time taken to 
photograph the elements and prepare them for measurement in ImageJ. The most appealing 
benefit of the 3D landmark technique is that once the landmarks are collected directly from the 
specimen, the data collection is complete. 
 Landmarks seem to characterize shape more accurately and more thoroughly than the 
ratios of traditional morphometrics. Finer shape variation can be detailed by adding landmarks, 
and the number of variables automatically increases by three because each landmark comprises a 
3-dimensional coordinate. This consequence proved useful in the analysis of the magnum where 
traditional morphometrics only produced two variables (the shape of the MCIII articular facet 
and the orientation of the posterior keel), but applying a landmark to each corner of the facet and 
additional boundaries resulted in a total of 30 variables (10 three-dimensional landmarks). Still, 
landmarks may not capture all aspects of a feature’s shape. A landmark at either end of the radial 
notch, for example, captures the length and orientation of the notch relative to the radial shaft, 
but a ratio of its length and width better characterizes its shape. Furthermore, while landmarks 
appear to be the most ideal and meaningful data, application of reliable and repeatable landmarks 
to limb elements, especially long bones, is rather difficult. 
 Most landmark analyses have been performed on skulls given the prominence of Type I 
landmarks provided by suture intersections. These intersections are perfectly homologous 
between species with equivalent cranial elements and are easy to find in specimens with unfused 
sutures. Very few Type I landmarks were found in the forelimbs of mammalian carnivorans due 
their smooth and broad surfaces. The most successful landmarks were found in the manus 
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(scapholunar, magnum, and metacarpals) where the borders of articular facets were well-defined. 
The shafts of long bones (humerus, ulna, radius) are devoid of linear features, and the epiphyses, 
though molded into elaborate shapes by the myriad muscles that attach here, are smoothly 
contoured. This problem can be accounted for to a certain degree by reducing the analysis to two 
dimensions: a feature that is smoothly curved in the anteroposterior plane such as the medial 
border of the trochlea is represented as a more sharply defined linear feature in a 2-dimensional 
photograph in anterior view. A landmark could be defined as the intersection of the medial and 
distal trochlear borders and would constitute an easily found and repeatable Type I landmark. 
The corresponding 3-dimensional landmark, here defined as the most distal extent of the medial 
trochlear boundary essentially tries to find this same point on the 3-dimensional structure. 
Additionally, 2-dimensional projections of 3-dimensional objects often “create” new landmarks 
by “flattening” two features that overlap in the third dimension. For example, a photograph of 
the scapula in lateral view might provide two landmarks defined as the intersections of the 
anterior and posterior borders of the acromion with the border of the glenoid fossa. These 
landmarks cannot be reliably recreated on the 3-dimensional scapula. 
 In an effort to characterize the complete shape of the forelimb elements, many Type II 
and III landmarks were digitized that represent homologous features by definition but were 
difficult to accurately locate in practice. The radial tuberosity, for example, gradually fades 
distally into the radial shaft, and so the most distal point of the radial tuberosity is poorly 
defined. Moreover, landmarks placed at the midshaft of long bones do not technically reflect 
homologous osteological features but a relative location that is controlled both by the length of 
the shaft and the development of features on each epiphysis. Also, these points must be estimated 
because no osteological feature demarks their locations. Strictly speaking, such landmarks 
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should be eliminated from the analyses, but their absence would eliminate data characterizing the 
robustness of the bone, a variable with important locomotor consequences. Given that the 
landmark analyses resulted in tight clustering of each species, I am confident that the error 
resulting from some poorly-defined landmarks is sufficiently smaller than intraspecific 
differences in bone shape. Future studies might consider using 3-dimensional scans of elements 
so that placement of landmarks at midshaft can be reliably computed. 
More Can Be Done 
 Should this study be continued or replicated, sample sizes of each species should be 
expanded and additional comparative species included. While good separation was achieved 
between the species in most of the analyses, increasing sample size would better reveal the extent 
of each species morphospace and better define their overlap or lack thereof. The ursids chosen 
essentially represent the total range of locomotor modes and diets of the extant bears, so 
including more extant ursid species may not greatly help elucidate the behavior of A. simus. 
Alternatively, incorporating specimens of other extinct tremarctines such as A. pristinus, 
Tremarctos floridanus, or their South American relatives might better reveal those 
morphological characters that are tied more to phylogenetics than to behavior. Also, the non-
ursids selected here are those considered by previous researchers (Kurtén, 1967; Kurtén and 
Anderson, 1980; Matheus, 2003) as potential modern analogues to A. simus, but the African lion, 
gray wolf, and spotted hyena are but a small sample of the diversity of locomotor modes 
exhibited by extant mammals. Sorkin (2006), for example, proposes that the brown and striped 
hyenas (Parahyaena brunnea and Hyaena hyaena, respectively) might be better models for A. 
simus, but still others might be considered. Amphicyon ingens was added to the analyses reported 
here mainly to satisfy a curiosity, but the inclusion of extinct bears and bear-like relatives 
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(Amphicyonidae, Hemicyonidae) that are traditionally interpreted as being more cursorial than 
extant bears (Sorkin, 2006b) may prove even more useful than additional extant species. 
 The ability for stepwise discriminant function analysis to choose variables that best 
distinguish between predetermined groups can theoretically be used to eliminate variables from 
the analysis that are controlled by non-locomotor and non-diet factors. For example, a StepDFA 
performed with families or species as the grouping variable would reveal those variables that are 
strongly influenced by phylogeny. These variables could then be eliminated or at least kept in 
mind when interpreting the results of PCAs and other StepDFAs. Moreover, the information 
gleaned from the individual element analyses and the separate analysis using interelemental 
variables that describe limb proportions and postural angles can be combined and a new 
predictive power created: PCA of the interelemental variables can be used to identify new groups 
based strictly on these morphological characters; these can then be used as the grouping variable 
in a StepDFA that would yield intra-elemental variables predictive of posture and limb 
proportions. It might then be possible to use these variables to predict the posture and locomotor 
behavior of other extinct species. 
 Matheus (1995, 2003) hangs his case that A. simus was an obligate scavenger on the 
grounds that the relatively gracile bones of such a large mammal could not handle the dynamic 
forces generated during rapid acceleration or high-speed maneuvering required by extant 
mammalian carnivores. Though this argument makes intuitive sense, no reference is made to a 
quantitative analysis that might confirm that the bones of A. simus surpass this threshold. 
Biomechanical methods such as finite element analysis (FEA) can test this hypothesis by placing 
digital models of skeletal elements under simulated forces in two or three dimensions and 
analyzing the resulting stress distributions throughout the bone (reviewed by Ross, 2005; 
189 
 
Richmond et al., 2005; Rayfield, 2007). Previous studies have employed these methods on skulls 
of extant and extinct mammals and archosaurs (e.g, Dumont, Piccirillo, Grosse, 2005; Rayfield, 
2004; Moreno et al., 2008; Wroe, 2008), and at least two have used this method to infer the 
optimum orientation of theropod metatarsals (Snively and Russell, 2002; King, Yacobucci, and 
Farver, 2010). Given past efforts to estimate the body mass of A. simus (e.g., Christiansen, 1999) 
and the ability to model the properties of its bones after those of its close extant relatives, the 
biomechanical strength of the forelimb and hindlimb bones can feasibly be tested over the range 
of estimated body weights for this bear. In this way, quantitative evidence can be provided either 
to support or refute the locomotor restrictions placed on A. simus by its enormous body size. 
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CHAPTER 5 
CONCLUSION 
 Locomotor behavior of extinct species cannot be directly observed, and ranges of motion 
can only be estimated in the absence of soft tissues given the tendancy for muscles and tendons 
to limit joint motion and in some cases permit motion beyond skeletal articular surfaces. 
However, skeletal morphology is largely determined by the direction and magnitude of muscular 
forces experienced in life, and so interspecific comparisons of skeletal morphology, particularly 
between extant species with known observable behaviors and extinct species with unknown 
behaviors, can indicate the relative importance (attachment area, insertion angle, mechanical 
advantage) of certain muscles of a particular species. Regarding fossil species, these observations 
allow reconstructions of posture, joint motion, and the relative strength of various muscle 
actions, and paleoecological inferences (e.g., locomotion, feeding ecology) can be drawn. The 
study here endeavored to achieve such inference for the Pleistocene giant short-faced bear of 
North America, Arctodus simus, using traditional and 3-dimensional landmark geometric 
morphometrics. 
 Historically, A. simus has proven to be quite a seductive species for study among 
paleontologists due to its strikingly short rostrum and relatively long, gracile legs, both unique 
features among extant Ursidae. Traditionally A. simus has been interpreted as a lion-like 
predator, but many different interpretations now exist, each with an array of supporting evidence. 
Most morphological studies (qualitative and quantitative) have focused on craniodental features, 
and limited postcranial data has been offered to the debate. The results of the morphometric 
analyses presented herein support previous assertions that A. simus represents an early 
evolutionary step towards a cursorial bear. Major elements of the forelimb consistently 
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demonstrate (1) reduction of attachment areas for muscles controlling abduction-adduction and 
supination-pronation, features that have been reported previously for the humerus (Sorkin, 
2006); (2) reorientation of joints (elbow, wrist, mid-carpal) nearer to the parasagittal plane; and 
(3) gracility and lightness relative to other bears, both small and large. Additionally, increased 
mechanical advantage of the humerus flexors and reduced mechanical advantage (but 
concomitantly increased speed of motion) of forearm extensors were demonstrated. These data 
beg the inference that A. simus was somewhat more prone to cursorial tendencies, being capable 
of more efficient locomotion, but to argue that the bones of A. simus were incapable of handling 
the dynamic forces of high-speed acceleration and maneuverability requires further 
biomechanical analysis of the forelimb and the ability of each element to distribute stress and 
strain under the bear’s extreme body weight. In the current absence of those data, A. simus is 
herein interpreted as capable of high-speed (relative to extant bears), straight-line locomotion, 
agreeing well with the arguments of Matheus (2003), and was likely more adept at pursuring 
large prey than the extant polar and brown bears. 
 While traditional and 3D landmark morphometric methods each provide useful data, the 
yield of shape information might be maximized if both are used in conjunction. Time 
requirements and desires for conciseness of experimental plan tend to preclude such a large 
endeavor, and so it is concluded that landmark techniques are the more ideal choice given the 
relative ease and speed of data collection and finer resolution of shape capture. Reliable 
techniqes of defining and repeatedly locating landmarks on long bone shafts and smooth, 
curviplanar muscle attachment sites and articular surfaces should be explored. The shape of local 
features such as individual articular surfaces and the gross shape of “simple” elements such as 
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carpals and unguals might just as reliably be evaluated by anchored outline methods, despite the 
resulting non-homologous nature of the unanchored points. 
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APPENDICES 
APPENDIX A 
SPECIMEN VALUES FOR TRADITIONAL MORPHOMETRIC VARIABLES 
 The following tables display the ratios and angular variables entered into the traditional 
morphometric analyses (PCA, StepDFA, and PCA2). The tables are separated by element, and 
the values are rounded to the nearest hundredth to match the number of decimal places presented 
by the raw measurements taken in ImageJ; however, unrounded values were used for the actual 
analyses. Values in red indicate species averages used to replace missing values. Such 
replacements are unfortunately common for Arctodus simus, but it is of note that in most cases, 
the average closely resembles actual values (that is, there are few cases in which the actual 
values are extremes on either side of the average; e.g. the average of 10 and 50 is 30).  See 
Materials and Methods for institution abbreviations.  
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Table A1: Scapula indices and angular variables for ursid subset. 
Species Specimen 
GFL/ 
GFW 
SSH/ 
(GFL/2) 
SNW/ 
GFL 
AL/     
AW 
CPL/ 
GFW 
SSA IFSA Species Specimen 
GFL/ 
GFW 
SSH/ 
(GFL/2) 
SNW/ 
GFL 
AL/     
AW 
CPL/ 
GFW 
SSA IFSA 
U. americanus ETVP 7073 1.34 3.26 1.40 1.18 0.38 65.62 20.92 T. ornatus ETVP Uncata1 1.40 3.28 1.22 1.60 0.26 82.65 23.46 
 
ETVP 7074 1.58 3.90 1.45 1.08 0.41 67.53 25.04  LACM 39667 1.40 3.07 1.14 1.49 0.27 81.00 27.74 
 
ETVP 5957 1.46 3.34 1.59 1.18 0.31 74.65 20.19  NMNH 194309 1.31 3.22 1.21 1.58 0.34 85.98 28.80 
 
NMNH 283630 1.40 3.06 1.41 0.93 0.18 70.82 26.05  NMNH 582002 1.32 3.41 1.30 1.64 0.35 85.42 26.82 
 
NMNH 302901 1.46 3.88 1.41 0.86 0.26 55.34 29.11 A. simus AMNH BX240 1.17 2.85 1.17 1.08 0.30 78.93 35.27 
 
NMNH 303193 1.47 3.32 1.41 1.21 0.39 57.37 30.55  LACM HC 57540 1.38 2.69 1.24 1.15 0.22 70.04 26.43 
 
NMNH A49664 1.26 3.16 1.41 1.00 0.38 68.02 25.31  LACM HC 57542 1.50 2.90 1.14 1.08 0.30 75.60 29.97 
U. arctos NMNH 6255 1.44 3.39 1.24 0.93 0.22 64.01 29.21  LACM HC 57543 1.51 2.62 1.12 1.08 0.30 75.60 23.55 
 
NMNH 199252 1.58 3.72 1.40 1.06 0.44 72.83 34.38  LACM HC 57544 1.45 2.90 1.17 1.08 0.30 75.60 29.97 
 
NMNH 243786 1.64 3.64 1.32 0.90 0.32 65.78 32.23  LACM Mount 1.41 2.90 1.17 0.92 0.30 75.60 31.56 
 
NMNH 301690 1.53 3.51 1.37 1.05 0.22 77.21 30.04  LACM R 43970 1.41 2.87 1.17 1.12 0.24 77.84 33.04 
 
LACM HC 133 1.62 3.57 1.51 0.99 0.34 48.66 34.83  NMNH 2564 1.45 3.49 1.17 1.08 0.34 75.60 29.97 
U. maritimus NMNH 260231 1.34 3.44 1.53 1.31 0.31 68.85 31.07  NMNH Island Ford 1.41 2.90 1.17 1.13 0.40 75.60 29.97 
 
NMNH 271322 1.41 3.45 1.52 1.41 0.28 51.87 29.96          
 
UNMH 218230 1.39 3.43 1.28 1.59 0.23 60.36 34.80          
 
UMNH 275124 1.56 3.39 1.24 1.63 0.37 60.36 32.08          
U. malayanus UNMH 198713 1.49 3.37 1.24 1.59 0.16 64.46 37.53          
 
NMNH 151866 1.52 3.77 1.41 1.26 0.42 77.26 41.48          
 
NMNH 239451 1.40 3.10 1.24 1.33 0.37 100.58 34.89          
 
R White Uncata 1.34 3.31 1.31 1.67 0.26 110.00 35.59          
 
USNM 395845 1.39 3.29 1.31 1.29 0.34 95.05 36.16          
 
NMNH A49710 1.45 3.08 1.22 1.30 0.31 101.57 32.54          
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Table A2: Scapula indices and angular variables for non-ursid carnivoran subset. 
Species Specimen 
GFL/ 
GFW 
SSH/ 
(GFL/2) 
SNW/ 
GFL 
AL/     
AW 
CPL/ 
GFW 
SSA IFSA 
C. lupus AMNH 98227 1.45 2.97 1.02 1.57 0.27 101.71 29.29 
 
AMNH 134941 1.38 2.94 1.01 1.79 0.24 94.88 28.27 
 
AMNH 134944 1.38 2.91 1.02 1.74 0.26 92.40 29.96 
 
ETVP 2066 1.65 2.85 0.93 0.95 0.22 84.73 32.74 
 
ETVP 12534 1.42 2.63 0.99 1.73 0.19 99.21 26.07 
 
NMNH 1384 1.32 2.67 1.03 1.16 0.19 94.59 31.18 
P. leo AMNH 85140 1.36 3.21 1.12 2.55 0.09 59.42 26.35 
 
AMNH 85144 1.27 2.69 1.18 3.10 0.16 67.13 24.39 
 
AMNH 85149 1.36 2.81 1.05 1.89 0.20 68.13 25.94 
 
ETVP 7113 1.51 2.66 0.98 2.37 0.25 86.27 23.00 
 
ETVP 7140 1.34 2.58 1.12 1.89 0.19 44.09 22.92 
 
NMNH 22705 1.36 2.96 1.11 2.12 0.24 65.01 36.11 
C. crocuta AMNH 52097 1.46 2.52 1.00 1.15 0.22 94.56 26.35 
 
AMNH 83593 1.47 2.55 0.97 1.01 0.19 57.80 24.49 
 
AMNH 187776 1.24 2.01 1.07 1.81 0.19 106.12 21.15 
 
ETVP Uncata2 1.49 2.31 0.88 1.94 0.34 119.76 27.73 
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Table A3: Humerus indices and angular variables for ursine subset. 
Species Specimen 
HMLW/ 
HL 
HAPW/ 
HL 
HAPW/ 
HMLW 
DPCL/ 
HL 
DPCW/ 
HPW 
ARCOS 
(DPCW/ 
GTW) 
GTW/ 
DPCL 
HPW/ 
HL 
HPW/ 
HMLW 
HPL/HL 
HPL/ 
HAPW 
HPL/ 
HPW 
HDW/ 
HL 
HDW/ 
HMLW 
U. americanus ETVP 7073 0.11 0.12 1.09 0.63 0.82 26.30 0.27 0.19 1.71 0.21 1.77 1.13 0.25 2.25 
 
ETVP 7074 0.11 0.12 1.04 0.69 0.82 6.67 0.25 0.21 1.83 0.23 1.96 1.12 0.28 2.42 
 
NMNH 283630 0.09 0.10 1.10 0.67 0.70 37.53 0.28 0.21 2.29 0.24 2.31 1.12 0.27 2.96 
 
NMNH 302901 0.10 0.12 1.11 0.65 0.67 40.25 0.27 0.20 1.94 0.23 2.02 1.15 0.29 2.75 
 
NMNH 303193 0.10 0.12 1.14 0.65 0.82 27.14 0.29 0.21 2.06 0.23 2.03 1.13 0.30 2.95 
 
NMNH A49664 0.09 0.11 1.28 0.65 0.80 16.70 0.26 0.20 2.40 0.23 2.11 1.12 0.27 3.21 
U. arctos NMNH 6255 0.10 0.10 0.99 0.68 0.73 38.50 0.27 0.20 2.02 0.24 2.41 1.18 0.28 2.79 
 
NMNH 199252 0.09 0.10 1.15 0.63 0.76 38.02 0.30 0.19 2.14 0.23 2.21 1.19 0.29 3.23 
 
NMNH 243786 0.10 0.11 1.10 0.66 0.66 45.14 0.30 0.21 2.11 0.26 2.41 1.25 0.29 2.94 
 
NMNH 301690 0.10 0.11 1.10 0.67 0.77 33.02 0.28 0.20 2.04 0.24 2.18 1.18 0.28 2.87 
 
LACM HC 133 0.10 0.11 1.36 0.66 0.73 38.67 0.29 0.20 2.08 0.24 2.30 1.20 0.29 3.00 
U. maritimus NMNH 260231 0.09 0.11 1.25 0.66 0.73 41.38 0.29 0.20 2.16 0.24 2.12 1.23 0.31 3.48 
 
NMNH 271322 0.10 0.14 1.38 0.64 0.79 28.93 0.31 0.22 2.19 0.26 1.91 1.21 0.31 3.11 
 
UNMH 218230 0.11 0.12 1.15 0.73 0.71 42.11 0.28 0.21 1.98 0.28 2.26 1.32 0.36 3.33 
 
UNMH 275124 0.09 0.13 1.43 0.68 0.70 46.38 0.30 0.20 2.21 0.27 2.04 1.32 0.32 3.49 
U. malayanus NMNH 198713 0.08 0.11 1.24 0.61 0.68 32.56 0.29 0.21 2.52 0.23 2.23 1.10 0.31 3.65 
 
NMNH 151866 0.09 0.10 1.11 0.61 0.76 37.74 0.32 0.20 2.18 0.22 2.14 1.09 0.32 3.44 
 
NMNH 239451 0.09 0.10 1.05 0.64 0.68 36.97 0.28 0.21 2.28 0.22 2.28 1.05 0.30 3.25 
 
R White Uncata 0.09 0.11 1.21 0.62 0.70 33.85 0.27 0.20 2.18 0.22 2.00 1.11 0.28 3.03 
 
USNM 395845 0.10 0.11 1.16 0.62 0.70 33.23 0.30 0.22 2.27 0.22 1.96 1.01 0.30 3.05 
 
NMNH A49710 0.09 0.10 1.15 0.62 0.61 42.25 0.28 0.21 2.34 0.23 2.21 1.09 0.31 3.47 
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Table A3 (continued):  
Species Specimen 
HDL/
HL 
HDL/ 
HAPW 
HDL/ 
HDW 
HMEW/H
DW 
HMEL/ 
HDL 
HMEL/ 
HMEW 
HBI/
HL 
HTW/ 
CTW 
CTW/ 
HDW 
HCL/
HL 
HCL/ 
CTW 
HTL/
HL 
HTL/ 
CTW 
HCL/ 
HTL 
U. americanus ETVP 7073 0.15 1.20 0.58 0.23 0.66 1.68 0.56 0.39 0.70 0.07 0.38 0.06 0.36 1.05 
 
ETVP 7074 0.17 1.42 0.61 0.22 0.68 1.89 0.60 0.40 0.63 0.07 0.40 0.06 0.33 1.21 
 
NMNH 283630 0.16 1.59 0.59 0.27 0.70 1.52 0.61 0.40 0.71 0.08 0.41 0.08 0.39 1.05 
 
NMNH 302901 0.18 1.58 0.64 0.22 0.72 2.04 0.49 0.41 0.69 0.09 0.43 0.07 0.35 1.24 
 
NMNH 303193 0.18 1.52 0.59 0.31 0.66 1.26 0.58 0.44 0.63 0.08 0.42 0.07 0.40 1.07 
 
NMNH A49664 0.17 1.54 0.61 0.27 0.74 1.67 0.53 0.40 0.68 0.06 0.35 0.07 0.39 0.89 
U. arctos NMNH 6255 0.17 1.79 0.63 0.23 0.61 1.69 0.65 0.44 0.72 0.08 0.40 0.07 0.37 1.07 
 
NMNH 199252 0.18 1.75 0.62 0.24 0.51 1.34 0.55 0.40 0.68 0.09 0.43 0.08 0.39 1.11 
 
NMNH 243786 0.19 1.78 0.66 0.19 0.57 1.97 0.62 0.44 0.73 0.08 0.37 0.08 0.38 0.98 
 
NMNH 301690 0.18 1.65 0.63 0.21 0.59 1.74 0.60 0.45 0.71 0.08 0.38 0.07 0.35 1.09 
 
LACM HC 133 0.18 1.46 0.66 0.24 0.57 1.56 0.60 0.41 0.74 0.08 0.41 0.08 0.39 1.04 
U. maritimus NMNH 260231 0.19 1.72 0.62 0.20 0.59 1.83 0.61 0.46 0.73 0.08 0.36 0.07 0.30 1.17 
 
NMNH 271322 0.19 1.42 0.63 0.18 0.54 1.88 0.63 0.41 0.74 0.08 0.36 0.08 0.33 1.08 
 
UNMH 218230 0.21 1.71 0.59 0.22 0.56 1.49 0.69 0.39 0.68 0.10 0.43 0.09 0.38 1.11 
 
UNMH 275124 0.20 1.55 0.64 0.21 0.54 1.65 0.63 0.45 0.69 0.10 0.45 0.08 0.38 1.17 
U. malayanus NMNH 198713 0.18 1.72 0.59 0.24 0.56 1.38 0.51 0.46 0.73 0.09 0.42 0.07 0.33 1.29 
 
NMNH 151866 0.17 1.62 0.52 0.24 0.51 1.11 0.40 0.43 0.70 0.10 0.45 0.07 0.31 1.43 
 
NMNH 239451 0.16 1.63 0.53 0.22 0.62 1.47 0.49 0.40 0.75 0.09 0.40 0.07 0.32 1.26 
 
R White Uncata 0.15 1.36 0.54 0.22 0.61 1.50 0.40 0.44 0.76 0.08 0.37 0.06 0.29 1.29 
 
USNM 395845 0.16 1.43 0.55 0.24 0.49 1.13 0.46 0.44 0.70 0.09 0.43 0.07 0.32 1.35 
 
NMNH A49710 0.17 1.64 0.54 0.21 0.50 1.33 0.47 0.38 0.77 0.09 0.39 0.08 0.32 1.22 
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Table A3 (continued): 
Species Specimen 
SCRW/ 
(HMLW/2) 
TCL/HL TCL/HTL 
TCL/  
HCL 
LEW/ 
HDW 
HHA HBA HTA HCA BGA 
U. americanus ETVP 7073 1.87 0.03 0.48 0.46 0.31 36.30 161.28 2.39 2.30 26.32 
 
ETVP 7074 1.76 0.02 0.40 0.33 0.33 43.58 161.41 17.78 8.97 27.80 
 
NMNH 283630 2.19 0.04 0.52 0.50 0.30 45.63 165.09 7.54 6.93 29.13 
 
NMNH 302901 1.92 0.04 0.62 0.50 0.33 48.33 168.42 16.36 8.52 26.06 
 
NMNH 303193 2.19 0.04 0.55 0.51 0.29 44.91 162.91 9.67 1.08 24.78 
 
NMNH A49664 1.95 0.03 0.46 0.52 0.29 37.67 158.97 171.87 8.00 26.92 
U. arctos NMNH 6255 1.79 0.04 0.57 0.53 0.28 48.63 165.64 6.67 6.90 26.99 
 
NMNH 199252 1.89 0.05 0.63 0.57 0.26 43.08 170.28 21.36 9.64 22.60 
 
NMNH 243786 2.27 0.04 0.51 0.52 0.30 54.12 166.77 10.23 13.91 20.62 
 
NMNH 301690 2.12 0.04 0.59 0.54 0.32 45.57 163.76 12.36 13.49 21.15 
 
LACM HC 133 2.08 0.04 0.72 0.70 0.25 20.55 172.08 18.38 12.32 22.84 
U. maritimus NMNH 260231 2.02 0.05 0.70 0.59 0.30 38.21 166.46 29.04 15.58 27.76 
 
NMNH 271322 1.91 0.04 0.57 0.53 0.31 48.44 165.63 21.44 24.67 26.73 
 
UNMH 218230 2.06 0.06 0.65 0.59 0.33 56.20 166.72 18.10 13.18 27.21 
 
UNMH 275124 2.25 0.05 0.63 0.54 0.30 53.65 165.82 5.47 4.61 22.08 
U. malayanus NMNH 198713 2.41 0.05 0.73 0.57 0.29 58.60 168.05 23.19 26.34 31.11 
 
NMNH 151866 2.47 0.04 0.58 0.41 0.31 55.12 173.70 18.32 22.70 23.53 
 
NMNH 239451 2.34 0.04 0.53 0.42 0.25 43.92 164.85 27.61 18.07 29.87 
 
R White Uncata 2.01 0.04 0.62 0.48 0.28 41.57 170.15 30.11 15.79 18.96 
 
USNM 395845 2.03 0.04 0.63 0.47 0.30 34.22 173.03 27.55 21.95 22.11 
 
NMNH A49710 2.23 0.03 0.43 0.36 0.29 44.77 171.09 27.34 18.77 33.83 
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Table A4: Humerus indices and angular variables for tremarctine subset. 
Species Specimen 
HMLW/ 
HL 
HAPW/ 
HL 
HAPW/ 
HMLW 
DPCL/ 
HL 
DPCW/ 
HPW 
ARCOS 
(DPCW/ 
GTW) 
GTW/ 
DPCL 
HPW/ 
HL 
HPW/ 
HMLW 
HPL/HL 
HPL/ 
HAPW 
HPL/ 
HPW 
HDW/ 
HL 
HDW/ 
HMLW 
T. ornatus ETVP Uncata1 0.10 0.12 1.18 0.65 0.68 15.41 0.23 0.21 2.05 0.21 1.73 0.99 0.28 2.64 
 
LACM 39667 0.09 0.10 1.15 0.60 0.75 23.73 0.26 0.19 2.19 0.21 2.06 1.09 0.28 3.22 
 
NMNH 194309 0.09 0.09 1.08 0.69 0.61 42.23 0.22 0.19 2.17 0.21 2.26 1.12 0.27 3.20 
 
NMNH 582002 0.10 0.12 1.23 0.60 0.71 24.47 0.26 0.20 2.06 0.21 1.77 1.06 0.28 2.88 
A. simus AMNH 556 0.09 0.11 1.06 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.24 
 
AMNH 2083 0.10 0.12 1.19 0.60 0.67 34.34 0.27 0.20 2.15 0.24 1.99 1.20 0.26 2.58 
 
AMNH 95656 0.09 0.11 1.12 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.83 
 
AMNH BX35 0.09 0.11 1.17 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
AMNH BX37 0.09 0.11 1.17 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
AMNH Unkn2 0.09 0.11 1.17 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
LACM HC 57548 0.09 0.11 1.18 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
LACM HC 57549 0.09 0.11 1.13 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
LACM HC 57551 0.09 0.11 1.20 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
LACM HC 57557 0.09 0.11 1.17 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
LACM HC 60623 0.09 0.11 1.25 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.76 
 
LACM HC Mount2 0.10 0.10 1.05 0.59 0.65 34.34 0.27 0.20 2.12 0.24 2.36 1.17 0.25 2.80 
 
LACM HC Z-41 0.09 0.11 1.36 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 3.51 
 
LACM R 19258 0.09 0.11 1.09 0.59 0.67 34.34 0.27 0.20 2.15 0.23 2.20 1.20 0.25 2.80 
 
NMNH 2654 0.09 0.11 1.15 0.57 0.71 30.36 0.28 0.19 2.12 0.23 2.14 1.16 0.25 2.68 
 
NMNH Island Ford 0.08 0.10 1.22 0.59 0.65 38.32 0.26 0.19 2.21 0.24 2.30 1.27 0.26 3.02 
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Table A4 (continued): 
Species Specimen 
HDL/ 
HL 
HDL/ 
HAPW 
HDL/ 
HDW 
HMEW/ 
HDW 
HMEL/ 
HDL 
HMEL/ 
HMEW 
HBI/ 
HL 
HTW/ 
CTW 
CTW/ 
HDW 
HCL/ 
HL 
HCL/ 
CTW 
HTL/ 
HL 
HTL/ 
CTW 
HCL/ 
HTL 
T. ornatus ETVP Uncata1 0.16 1.27 0.57 0.27 0.69 1.44 0.49 0.37 0.73 0.08 0.39 0.07 0.36 1.08 
 
LACM 39667 0.14 1.43 0.51 0.29 0.59 1.06 0.48 0.38 0.64 0.09 0.50 0.08 0.42 1.19 
 
NMNH 194309 0.17 1.78 0.60 0.24 0.49 1.25 0.46 0.38 0.70 0.08 0.41 0.09 0.45 0.91 
 
NMNH 582002 0.18 1.47 0.63 0.28 0.67 1.48 0.53 0.36 0.68 0.08 0.42 0.08 0.39 1.08 
A. simus AMNH 556 0.15 1.19 0.57 0.22 0.58 1.47 0.57 0.37 0.70 0.08 0.42 0.07 0.37 1.13 
 
AMNH 2083 0.16 1.32 0.61 0.22 0.57 1.56 0.57 0.44 0.74 0.08 0.44 0.07 0.38 1.15 
 
AMNH 95656 0.15 1.43 0.57 0.23 0.52 1.25 0.57 0.43 0.72 0.08 0.43 0.07 0.36 1.19 
 
AMNH BX35 0.15 1.34 0.56 0.26 0.57 1.20 0.57 0.41 0.74 0.08 0.41 0.07 0.35 1.18 
 
AMNH BX37 0.15 1.34 0.58 0.23 0.60 1.51 0.57 0.40 0.70 0.08 0.43 0.07 0.41 1.03 
 
AMNH Unkn2 0.15 1.34 0.58 0.22 0.62 1.65 0.57 0.39 0.73 0.08 0.37 0.07 0.36 1.03 
 
LACM HC 57548 0.15 1.34 0.58 0.22 0.57 1.50 0.57 0.41 0.74 0.08 0.41 0.07 0.38 1.09 
 
LACM HC 57549 0.15 1.34 0.58 0.22 0.57 1.50 0.57 0.41 0.74 0.08 0.41 0.07 0.38 1.09 
 
LACM HC 57551 0.15 1.34 0.58 0.22 0.57 1.50 0.57 0.41 0.74 0.08 0.41 0.07 0.38 1.09 
 
LACM HC 57557 0.15 1.34 0.65 0.18 0.49 1.76 0.57 0.40 0.80 0.08 0.47 0.07 0.44 1.07 
 
LACM HC 60623 0.15 1.23 0.56 0.22 0.61 1.54 0.57 0.42 0.76 0.08 0.45 0.07 0.41 1.09 
 
LACM HC Mount2 0.15 1.34 0.58 0.22 0.57 1.50 0.50 0.43 0.74 0.06 0.32 0.06 0.30 1.07 
 
LACM HC Z-41 0.15 1.35 0.52 0.21 0.55 1.35 0.57 0.44 0.72 0.08 0.37 0.07 0.38 0.97 
 
LACM R 19258 0.15 1.34 0.58 0.22 0.57 1.50 0.57 0.41 0.74 0.08 0.40 0.07 0.38 1.07 
 
NMNH 2654 0.15 1.44 0.62 0.22 0.56 1.60 0.62 0.42 0.79 0.08 0.43 0.08 0.39 1.12 
 
NMNH Island Ford 0.15 1.45 0.58 0.21 0.58 1.63 0.58 0.37 0.72 0.08 0.43 0.08 0.42 1.02 
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Table A4 (continued): 
Species Specimen 
SCRW/ 
(HMLW/2) 
TCL/HL TCL/HTL 
TCL/  
HCL 
LEW/ 
HDW 
HHA HBA HTA HCA BGA 
T. ornatus ETVP Uncata1 1.75 0.04 0.50 0.46 0.30 47.61 167.08 27.97 17.16 35.05 
 
LACM 39667 2.25 0.04 0.47 0.40 0.31 37.31 168.73 18.13 4.17 30.11 
 
NMNH 194309 1.44 0.04 0.51 0.56 0.29 50.01 171.13 175.22 0.00 32.57 
 
NMNH 582002 1.97 0.03 0.45 0.42 0.28 40.10 161.51 16.62 7.45 31.47 
A. simus AMNH 556 1.65 0.03 0.39 0.35 0.35 51.25 170.24 59.80 6.78 31.89 
 
AMNH 2083 1.76 0.03 0.44 0.38 0.27 51.90 175.76 14.47 8.32 29.74 
 
AMNH 95656 1.61 0.03 0.46 0.39 0.29 51.25 176.60 6.62 6.77 31.89 
 
AMNH BX35 1.70 0.03 0.56 0.48 0.28 51.25 175.13 168.95 6.01 31.89 
 
AMNH BX37 1.70 0.03 0.50 0.48 0.30 51.25 175.13 158.09 9.30 31.89 
 
AMNH Unkn2 1.70 0.03 0.48 0.46 0.33 51.25 175.13 166.25 3.93 31.89 
 
LACM HC 57548 1.70 0.03 0.47 0.43 0.30 51.25 173.84 59.97 9.30 31.89 
 
LACM HC 57549 1.70 0.03 0.47 0.43 0.30 51.25 170.90 59.97 9.30 31.89 
 
LACM HC 57551 1.70 0.03 0.47 0.43 0.30 51.25 174.12 59.97 9.30 31.89 
 
LACM HC 57557 1.70 0.03 0.52 0.49 0.32 51.25 175.13 4.38 9.98 31.89 
 
LACM HC 60623 1.31 0.03 0.47 0.43 0.35 51.25 179.53 6.98 39.76 31.89 
 
LACM HC Mount2 1.47 0.03 0.51 0.48 0.30 56.04 180.00 16.37 9.95 31.89 
 
LACM HC Z-41 2.04 0.03 0.35 0.36 0.30 51.25 173.87 1.82 3.80 31.89 
 
LACM R 19258 1.87 0.03 0.50 0.47 0.30 51.25 177.73 168.48 8.04 31.89 
 
NMNH 2654 1.68 0.04 0.47 0.42 0.26 48.38 174.88 4.55 0.73 32.24 
 
NMNH Island Ford 1.86 0.03 0.41 0.40 0.29 48.68 174.09 2.80 2.19 33.69 
 
 
 
 
213 
 
Table A5: Humerus indices and angular variables for non-ursid carnivoran dataset. 
Species Specimen 
HMLW/ 
HL 
HAPW/ 
HL 
HAPW/ 
HMLW 
DPCL/ 
HL 
DPCW/ 
HPW 
ARCOS 
(DPCW/ 
GTW) 
GTW/ 
DPCL 
HPW/ 
HL 
HPW/ 
HMLW 
HPL/HL 
HPL/ 
HAPW 
HPL/ 
HPW 
HDW/ 
HL 
HDW/ 
HMLW 
C. lupus AMNH 98227 0.07 0.09 1.23 0.52 0.58 44.93 0.30 0.19 2.63 0.24 2.76 1.29 0.20 2.83 
 
AMNH 134941 0.07 0.08 1.14 0.50 0.76 49.66 0.31 0.14 1.87 0.24 2.85 1.74 0.20 2.77 
 
AMNH 134944 0.07 0.09 1.14 0.49 0.53 53.10 0.31 0.18 2.35 0.24 2.79 1.35 0.19 2.52 
 
ETVP 1508 0.08 0.09 1.19 0.46 0.66 43.29 0.36 0.18 2.32 0.23 2.47 1.26 0.19 2.38 
 
ETVP 5936 0.08 0.09 1.16 0.43 0.67 45.48 0.38 0.17 2.25 0.24 2.68 1.38 0.19 2.43 
 
ETVP 12534 0.08 0.09 1.15 0.55 0.69 41.58 0.29 0.17 2.28 0.22 2.46 1.24 0.18 2.34 
 
NMNH 1384 0.07 0.08 1.14 0.41 0.60 46.65 0.38 0.18 2.48 0.24 2.94 1.35 0.20 2.72 
P. leo AMNH 85140 0.09 0.13 1.45 0.50 0.78 32.41 0.40 0.22 2.38 0.28 2.13 1.29 0.25 2.77 
 
AMNH 85144 0.09 0.13 1.43 0.52 0.84 28.18 0.40 0.22 2.36 0.29 2.22 1.34 0.23 2.55 
 
AMNH 85149 0.09 0.12 1.35 0.50 0.79 28.10 0.41 0.23 2.48 0.29 2.31 1.26 0.26 2.84 
 
ETVP 7113 0.09 0.12 1.42 0.50 0.74 46.01 0.47 0.22 2.57 0.29 2.39 1.33 0.22 2.64 
 
ETVP 7140 0.09 0.15 1.59 0.59 0.97 34.51 0.41 0.21 2.18 0.30 1.97 1.44 0.28 2.96 
 
NMNH 22705 0.09 0.13 1.38 0.56 0.73 41.66 0.42 0.25 2.69 0.31 2.45 1.25 0.28 3.10 
C. crocuta AMNH 52097 0.10 0.11 1.09 0.66 0.57 52.55 0.36 0.25 2.40 0.30 2.64 1.20 0.23 2.19 
 
AMNH 83593 0.09 0.13 1.45 0.58 0.68 47.93 0.44 0.25 2.72 0.32 2.37 1.26 0.24 2.60 
 
AMNH 187776 0.10 0.12 1.22 0.59 0.68 44.23 0.40 0.25 2.57 0.30 2.57 1.22 0.23 2.42 
 
ETVP Uncata2 0.09 0.10 1.08 0.56 0.61 50.62 0.42 0.25 2.68 0.29 2.94 1.19 0.25 2.70 
 
NMNH 163102 0.09 0.12 1.35 0.59 0.65 49.03 0.40 0.23 2.75 0.30 2.61 1.29 0.22 2.52 
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Table A5 (continued): 
Species Specimen 
HDL/ 
HL 
HDL/ 
HAPW 
HDL/ 
HDW 
HMEW/ 
HDW 
HMEL/ 
HDL 
HMEL/ 
HMEW 
HBI/ 
HL 
HTW/ 
CTW 
CTW/ 
HDW 
HCL/ 
HL 
HCL/ 
CTW 
HTL/ 
HL 
HTL/ 
CTW 
HCL/ 
HTL 
C. lupus AMNH 98227 0.17 1.88 0.82 0.26 0.61 1.92 0.51 0.30 0.68 0.09 0.68 0.10 0.71 0.95 
 
AMNH 134941 0.16 1.93 0.79 0.28 0.70 2.01 0.45 0.28 0.70 0.08 0.59 0.09 0.61 0.96 
 
AMNH 134944 0.16 1.87 0.84 0.26 0.61 1.96 0.47 0.19 0.65 0.09 0.73 0.10 0.79 0.92 
 
ETVP 1508 0.16 1.78 0.88 0.24 0.40 1.50 0.49 0.30 0.75 0.09 0.63 0.09 0.62 1.01 
 
ETVP 5936 0.16 1.81 0.86 0.32 0.59 1.58 0.43 0.31 0.69 0.08 0.62 0.09 0.66 0.94 
 
ETVP 12534 0.16 1.78 0.87 0.25 0.60 2.10 0.41 0.76 0.73 0.08 0.62 0.08 0.59 1.04 
 
NMNH 1384 0.15 1.86 0.78 0.29 0.56 1.49 0.43 0.29 0.69 0.08 0.62 0.09 0.69 0.90 
P. leo AMNH 85140 0.19 1.40 0.73 0.26 0.52 1.49 0.49 0.36 0.74 0.10 0.54 0.10 0.55 0.98 
 
AMNH 85144 0.16 1.24 0.70 0.24 0.57 1.63 0.49 0.42 0.79 0.10 0.52 0.09 0.48 1.07 
 
AMNH 85149 0.17 1.41 0.67 0.26 0.57 1.45 0.49 0.37 0.73 0.10 0.51 0.09 0.49 1.04 
 
ETVP 7113 0.17 1.39 0.75 0.18 0.52 2.10 0.49 0.38 0.84 0.10 0.51 0.07 0.37 1.37 
 
ETVP 7140 0.18 1.19 0.64 0.24 0.65 1.76 0.57 0.30 0.60 0.07 0.42 0.05 0.33 1.27 
 
NMNH 22705 0.18 1.40 0.62 0.28 0.60 1.35 0.55 0.37 0.69 0.09 0.47 0.08 0.39 1.21 
C. crocuta AMNH 52097 0.18 1.54 0.77 0.18 0.68 2.91 0.52 0.37 0.80 0.09 0.52 0.12 0.64 0.81 
 
AMNH 83593 0.19 1.41 0.78 0.18 0.70 3.04 0.55 0.38 0.78 0.10 0.52 0.11 0.60 0.86 
 
AMNH 187776 0.19 1.60 0.81 0.14 0.69 3.86 0.52 0.39 0.84 0.10 0.51 0.12 0.60 0.85 
 
ETVP Uncata2 0.18 1.84 0.74 0.18 0.66 2.76 0.52 0.34 0.78 0.11 0.54 0.13 0.65 0.83 
 
NMNH 163102 0.17 1.43 0.77 0.14 0.72 3.87 0.54 0.33 0.79 0.10 0.57 0.12 0.71 0.80 
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Table A5 (continued): 
Species Specimen 
SCRW/ 
(HMLW/2) 
TCL/HL TCL/HTL 
TCL/  
HCL 
LEW/ 
HDW 
HHA HBA HTA HCA BGA 
C. lupus AMNH 98227 1.88 0.07 0.71 0.74 0.30 33.70 171.79 8.02 16.28 27.05 
 
AMNH 134941 1.79 0.06 0.67 0.69 0.29 34.04 171.88 9.06 19.75 28.19 
 
AMNH 134944 1.64 0.08 0.82 0.89 0.29 39.61 171.31 7.45 10.35 21.47 
 
ETVP 1508 1.69 0.06 0.70 0.70 0.23 30.99 172.07 6.90 16.46 31.45 
 
ETVP 5936 1.68 0.06 0.72 0.76 0.28 33.81 168.72 2.35 22.92 28.60 
 
ETVP 12534 1.40 0.06 0.76 0.73 0.26 31.46 162.44 7.29 17.43 25.63 
 
NMNH 1384 1.36 0.07 0.73 0.81 0.31 28.45 166.56 9.67 15.73 27.99 
P. leo AMNH 85140 1.71 0.04 0.41 0.41 0.25 42.85 170.77 17.31 12.45 33.65 
 
AMNH 85144 1.77 0.06 0.66 0.62 0.26 41.79 170.77 14.94 13.25 29.39 
 
AMNH 85149 1.59 0.04 0.47 0.45 0.21 35.04 170.70 18.25 9.17 37.54 
 
ETVP 7113 1.53 0.03 0.38 0.28 0.28 43.11 167.73 21.82 9.64 34.73 
 
ETVP 7140 1.64 0.03 0.49 0.39 0.21 49.02 158.75 16.02 13.24 31.91 
 
NMNH 22705 1.80 0.03 0.44 0.36 0.21 42.13 166.73 19.29 7.00 36.91 
C. crocuta AMNH 52097 1.42 0.07 0.58 0.72 0.26 53.80 168.22 15.70 9.34 30.75 
 
AMNH 83593 1.70 0.07 0.61 0.71 0.27 45.46 163.52 10.56 13.62 35.43 
 
AMNH 187776 1.52 0.07 0.61 0.72 0.30 43.26 167.22 11.06 20.70 32.50 
 
ETVP Uncata2 1.93 0.08 0.59 0.72 0.25 48.94 169.55 5.71 14.27 35.48 
 
NMNH 163102 1.88 0.07 0.57 0.70 0.25 50.55 170.49 10.77 11.21 29.09 
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Table A6: Ulna indices and angular variables for ursine subset. 
Species Specimen 
UMLW/ 
UL 
UAPW/ 
UL 
UAPW/ 
UMLW 
UBI/ 
UL 
UAPW/ 
UAPDW 
OL/ 
USL 
SLNL/ 
UL 
SLNL/ 
SLND 
WSLND/ 
SLND 
RNL/ 
RNW 
RNL/ 
UAPW 
UHL/ 
DRAW 
UHD/ 
WUHD 
USPW/ 
USPL 
U. americanus ETVP 7073 0.05 0.08 1.66 0.54 1.68 0.21 0.08 1.92 2.29 2.66 1.13 1.26 1.62 1.35 
 
ETVP 7074 0.07 0.10 1.54 0.56 2.02 0.23 0.09 2.00 2.36 2.51 0.82 1.04 1.70 1.34 
 
ETVP 2100 0.07 0.10 1.45 0.59 1.58 0.21 0.07 1.65 2.20 2.60 0.83 1.62 2.53 1.24 
 
ETVP 5931 0.06 0.09 1.63 0.52 1.59 0.23 0.07 1.61 1.90 2.74 0.99 1.03 1.98 1.11 
 
ETVP 5957 0.07 0.09 1.33 0.50 1.77 0.21 0.08 1.90 2.30 2.19 0.93 0.98 1.79 1.34 
 
NMNH 283630 0.06 0.08 1.33 0.54 1.42 0.22 0.08 1.83 1.91 2.68 1.17 0.90 1.78 1.51 
 
NMNH 302901 0.06 0.09 1.47 0.55 1.56 0.23 0.08 1.93 2.30 3.26 0.99 1.09 2.00 1.13 
 
NMNH 303193 0.07 0.10 1.38 0.51 1.85 0.25 0.08 1.83 2.29 2.59 0.98 0.77 1.90 1.30 
 
NMNH A49664 0.06 0.08 1.45 0.53 1.49 0.24 0.09 1.57 1.56 3.45 1.07 0.97 1.91 1.45 
U. arctos NMNH 6255 0.07 0.09 1.31 0.43 1.53 0.22 0.09 2.14 2.21 2.89 1.05 1.28 1.57 1.47 
 
NMNH 199252 0.06 0.11 1.70 0.46 1.56 0.23 0.10 1.90 1.76 4.44 1.04 0.89 1.53 1.17 
 
NMNH 243786 0.07 0.11 1.66 0.55 1.52 0.24 0.09 1.66 1.70 3.19 1.08 0.98 2.23 1.21 
 
NMNH 301690 0.07 0.11 1.58 0.54 1.56 0.23 0.08 1.91 2.21 2.55 1.11 1.02 1.85 1.29 
 
LACM HC 133 0.07 0.10 1.49 0.51 1.46 0.23 0.10 1.94 2.02 2.79 1.20 0.75 1.74 1.14 
 
LACM HC 57926 0.06 0.10 1.67 0.51 1.38 0.24 0.09 1.81 1.93 2.61 1.09 0.98 1.79 1.21 
U. maritimus NMNH 260231 0.07 0.11 1.50 0.38 1.27 0.25 0.08 1.65 1.87 1.27 0.93 1.38 1.27 1.03 
 
NMNH 271322 0.07 0.12 1.62 0.43 1.40 0.27 0.10 1.82 1.72 2.26 1.04 1.38 1.27 1.15 
 
UNMH 218230 0.08 0.12 1.58 0.56 1.33 0.27 0.09 1.62 2.20 2.52 0.92 0.95 1.40 1.08 
 
UNMH 275124 0.07 0.11 1.59 0.54 1.35 0.26 0.08 1.51 2.00 2.52 0.96 1.26 1.73 1.24 
U. malayanus UNMH 198713 0.05 0.09 1.61 0.52 1.52 0.26 0.09 2.09 2.18 2.39 1.09 0.98 1.01 0.99 
 
NMNH 151866 0.06 0.10 1.61 0.56 1.34 0.25 0.09 2.13 2.01 3.36 1.12 1.22 1.71 1.06 
 
NMNH 239451 0.05 0.09 1.79 0.52 1.73 0.24 0.09 2.14 1.84 2.69 1.10 1.02 2.42 1.19 
 
R White Uncata 0.05 0.10 1.93 0.53 1.60 0.24 0.09 2.43 2.22 2.34 0.91 0.87 1.76 1.17 
 
USNM 395845 0.06 0.11 1.78 0.52 1.54 0.26 0.10 2.20 2.02 2.18 0.92 1.00 1.75 0.96 
 
NMNH A49710 0.05 0.09 1.72 0.56 1.31 0.25 0.09 1.99 1.74 2.60 1.14 1.09 1.61 1.04 
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Table A6 (continued): 
Species Specimen 
USPL/ 
UAPW 
USPW/ 
UMLW 
PNW/ 
OL2 
UBA OLA1 UHA OLA2 
U. americanus ETVP 7073 0.46 1.02 0.24 170.24 32.44 105.43 24.98 
 
ETVP 7074 0.38 0.79 0.22 166.84 31.60 124.95 47.90 
 
ETVP 2100 0.47 0.84 0.25 172.86 25.33 109.56 27.09 
 
ETVP 5931 0.48 0.87 0.26 167.95 30.23 95.57 46.26 
 
ETVP 5957 0.45 0.81 0.27 166.43 33.03 125.97 26.50 
 
NMNH 283630 0.45 0.90 0.29 165.94 33.22 116.65 29.49 
 
NMNH 302901 0.46 0.76 0.27 170.40 28.00 105.86 33.10 
 
NMNH 303193 0.45 0.80 0.23 170.06 33.40 105.23 33.65 
 
NMNH A49664 0.46 0.96 0.25 164.84 22.22 111.15 23.72 
U. arctos NMNH 6255 0.37 0.72 0.40 170.61 30.31 107.35 34.75 
 
NMNH 199252 0.40 0.78 0.32 166.14 28.87 110.06 39.54 
 
NMNH 243786 0.37 0.73 0.29 166.35 22.97 117.90 35.69 
 
NMNH 301690 0.42 0.85 0.34 164.98 25.42 107.65 36.94 
 
LACM HC 133 0.45 0.76 0.34 166.83 35.34 112.10 35.94 
 
LACM HC 57926 0.42 0.85 0.34 166.23 28.61 111.01 32.98 
U. maritimus NMNH 260231 0.48 0.74 0.27 169.76 26.51 128.23 42.31 
 
NMNH 271322 0.45 0.85 0.28 167.26 27.55 120.04 38.37 
 
UNMH 218230 0.48 0.81 0.29 167.59 24.62 121.96 35.11 
 
UNMH 275124 0.48 0.94 0.28 170.51 26.60 109.61 37.21 
U. malayanus UNMH 198713 0.59 0.95 0.30 166.39 38.80 108.48 31.21 
 
NMNH 151866 0.58 0.99 0.27 168.19 23.67 119.18 38.05 
 
NMNH 239451 0.53 1.14 0.27 172.25 30.94 97.78 41.74 
 
R White Uncata 0.46 1.03 0.24 166.45 35.54 126.20 0.00 
 
USNM 395845 0.52 0.89 0.27 166.06 29.72 111.48 36.78 
 
NMNH A49710 0.59 1.04 0.27 167.61 32.96 118.70 36.09 
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Table A7: Ulna indices and angular variables for tremarctine subset. 
Species Specimen 
UMLW/ 
UL 
UAPW/ 
UL 
UAPW/ 
UMLW 
UBI/ 
UL 
UAPW/ 
UAPDW 
OL/ 
USL 
SLNL/ 
UL 
SLNL/ 
SLND 
WSLND/ 
SLND 
RNL/ 
RNW 
RNL/ 
UAPW 
UHL/ 
DRAW 
UHD/ 
WUHD 
USPW/ 
USPL 
T. ornatus ETVP Untata1 0.06 0.10 1.58 0.49 1.69 0.22 0.08 1.88 2.03 2.71 1.12 0.94 1.68 1.39 
 
LACM 39667 0.06 0.09 1.46 0.46 1.57 0.21 0.08 1.93 1.97 3.17 1.30 0.97 1.78 1.22 
 
NMNH 194309 0.05 0.08 1.52 0.51 1.57 0.21 0.09 2.01 2.10 2.18 1.31 0.82 1.88 1.29 
 
NMNH 582002 0.07 0.09 1.21 0.51 1.53 0.23 0.08 1.71 2.02 3.29 1.41 1.01 1.66 1.37 
A. simus AMNH A225 0.07 0.10 1.33 0.56 1.59 0.20 0.09 1.97 2.01 3.09 1.11 1.19 1.67 1.59 
 
AMNH BX386 0.07 0.09 1.20 0.49 1.54 0.20 0.09 1.97 2.01 3.26 1.28 1.19 1.73 1.23 
 
AMNH SP-56-34 0.07 0.11 1.60 0.63 1.79 0.20 0.09 1.97 2.01 2.95 0.94 1.18 1.82 1.15 
 
LACM HC 57591 0.07 0.10 1.52 0.53 1.64 0.20 0.09 1.97 2.01 2.49 1.13 1.13 1.67 1.29 
 
LACM HC 604.39 0.07 0.10 1.35 0.53 1.64 0.20 0.09 1.97 2.01 2.98 1.13 1.13 1.67 1.29 
 
LACM HC Mount 0.07 0.10 1.52 0.53 1.64 0.20 0.09 1.97 2.01 3.09 1.13 1.13 1.51 1.29 
 
LACM R 52233 0.07 0.10 1.60 0.53 1.64 0.20 0.09 2.08 2.02 2.60 1.06 1.13 1.67 1.29 
 
NMNH 1585 0.06 0.10 1.71 0.43 1.70 0.20 0.09 1.82 1.79 3.88 1.03 1.08 1.96 1.31 
 
NMNH 2654 0.06 0.09 1.46 0.56 1.59 0.21 0.10 2.05 2.17 2.70 1.50 1.13 1.52 1.33 
 
NMNH 8180 0.07 0.10 1.52 0.53 1.64 0.20 0.09 1.97 2.01 3.09 1.13 1.02 1.47 1.12 
 
NMNH Island Ford 0.07 0.10 1.85 0.53 1.64 0.20 0.09 1.90 2.10 3.20 1.03 1.13 1.67 1.29 
 
UF 162843 0.07 0.10 1.41 0.53 1.64 0.20 0.09 1.97 2.01 2.46 1.06 1.13 1.67 1.29 
 
UF 162843b 0.07 0.10 1.52 0.53 1.64 0.20 0.09 1.98 1.96 3.19 1.13 1.13 1.67 1.29 
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Table A7 (continued): 
Species Specimen 
USPL/ 
UAPW 
USPW/ 
UMLW 
PNW/ 
OL2 
UBA OLA1 UHA OLA2 
T. ornatus ETVP Untata1 0.45 0.98 0.28 168.75 20.00 112.22 37.34 
 
LACM 39667 0.56 0.99 0.32 171.15 17.98 116.68 28.77 
 
NMNH 194309 0.55 1.08 0.31 165.95 19.10 103.20 31.03 
 
NMNH 582002 0.53 0.88 0.27 168.65 22.91 114.94 17.93 
A. simus AMNH A225 0.42 0.88 0.33 164.16 32.85 119.29 0.00 
 
AMNH BX386 0.57 0.85 0.29 166.61 32.85 106.17 32.43 
 
AMNH SP-56-34 0.39 0.73 0.34 171.64 32.85 106.37 32.43 
 
LACM HC 57591 0.47 0.90 0.33 169.97 32.85 107.32 32.43 
 
LACM HC 604.39 0.47 0.90 0.33 169.97 32.85 107.32 32.43 
 
LACM HC Mount 0.47 0.90 0.33 169.97 32.85 106.16 32.43 
 
LACM R 52233 0.47 0.90 0.36 172.95 32.85 107.32 32.43 
 
NMNH 1585 0.46 1.03 0.33 169.91 34.27 98.07 33.90 
 
NMNH 2654 0.53 1.02 0.33 172.98 31.43 105.78 33.57 
 
NMNH 8180 0.47 0.90 0.33 169.97 32.85 109.39 27.55 
 
NMNH Island Ford 0.47 0.90 0.30 171.57 32.85 107.32 32.43 
 
UF 162843 0.47 0.90 0.40 169.97 32.85 107.32 34.72 
 
UF 162843b 0.47 0.90 0.30 169.97 32.85 107.32 32.43 
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Table A8: Ulna indices and angular variables for non-ursid carnivoran subset. 
Species Specimen 
UMLW/ 
UL 
UAPW/ 
UL 
UAPW/ 
UMLW 
UBI/ 
UL 
UAPW/ 
UAPDW 
OL/ 
USL 
SLNL/ 
UL 
SLNL/ 
SLND 
WSLND/ 
SLND 
RNL/ 
RNW 
RNL/ 
UAPW 
UHL/ 
DRAW 
UHD/ 
WUHD 
USPW/ 
USPL 
C. lupus AMNH 98227 0.04 0.05 1.08 0.45 1.31 0.21 0.09 2.14 1.72 3.73 1.60 3.04 0.82 0.78 
 
AMNH 134941 0.04 0.04 1.02 0.38 1.14 0.20 0.08 2.47 1.97 3.24 1.64 2.04 0.82 0.92 
 
AMNH 134944 0.04 0.04 1.00 0.55 1.37 0.19 0.08 2.40 1.77 2.98 1.42 1.85 0.64 0.61 
 
ETVP 1508 0.05 0.05 0.95 0.42 1.67 0.22 0.09 2.83 2.29 4.87 1.46 1.91 0.67 0.91 
 
ETVP 5936 0.06 0.04 0.73 0.70 1.20 0.23 0.08 2.50 2.29 3.80 1.63 2.60 0.50 0.81 
 
ETVP 12534 0.05 0.04 0.72 0.50 1.17 0.21 0.08 2.20 1.92 4.29 1.56 1.95 0.63 0.82 
 
NMNH 1384 0.04 0.03 0.74 0.52 1.47 0.21 0.08 2.58 1.98 2.95 2.22 1.73 0.43 1.09 
P. leo AMNH 85140 0.07 0.08 1.25 0.46 1.79 0.24 0.09 2.30 2.53 2.92 1.28 1.13 1.16 0.89 
 
AMNH 85144 0.06 0.08 1.39 0.44 1.57 0.26 0.10 2.36 2.54 2.68 1.27 0.96 1.02 0.79 
 
AMNH 85149 0.05 0.08 1.41 0.54 1.57 0.26 0.09 2.69 3.05 2.77 1.33 1.11 1.60 0.85 
 
ETVP 7113 0.05 0.08 1.59 0.56 1.81 0.28 0.10 2.37 2.62 2.82 1.32 1.31 1.25 1.28 
 
ETVP 7140 0.04 0.07 1.85 0.45 1.60 0.25 0.08 2.58 2.99 4.04 1.32 1.13 1.20 1.01 
 
NMNH 22705 0.06 0.08 1.44 0.49 1.64 0.27 0.10 1.90 1.98 3.79 1.25 1.12 1.17 1.04 
C. crocuta AMNH 52097 0.06 0.06 1.02 0.60 1.11 0.23 0.09 2.17 2.28 4.68 1.58 1.53 1.07 0.90 
 
AMNH 83593 0.06 0.06 1.15 0.52 1.09 0.23 0.10 2.21 2.21 5.41 1.70 1.68 0.14 1.11 
 
AMNH 187776 0.06 0.07 1.07 0.48 1.17 0.23 0.10 2.22 2.22 4.51 1.52 1.57 0.63 0.88 
 
ETVP Uncata2 0.05 0.07 1.37 0.62 1.29 0.25 0.10 2.21 2.02 4.08 1.31 1.35 -0.20 0.98 
 
NMNH 163102 0.05 0.06 1.06 0.57 1.01 0.24 0.09 2.18 2.21 3.92 1.71 1.53 0.42 0.63 
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Table A8 (continued): 
Species Specimen 
USPL/ 
UAPW 
USPW/ 
UMLW 
PNW/ 
OL2 
UBA OLA1 UHA OLA2 
C. lupus AMNH 98227 0.95 0.80 0.28 172.82 35.37 76.33 17.08 
 
AMNH 134941 0.90 0.85 0.28 174.96 32.57 81.77 2.61 
 
AMNH 134944 1.05 0.64 0.29 175.01 31.91 78.52 0.00 
 
ETVP 1508 0.74 0.64 0.31 175.50 34.70 91.39 0.00 
 
ETVP 5936 0.97 0.58 0.26 176.55 32.60 81.13 14.89 
 
ETVP 12534 0.92 0.54 0.29 180.00 33.35 83.57 0.00 
 
NMNH 1384 0.93 0.75 0.28 168.56 30.77 87.34 0.00 
P. leo AMNH 85140 0.57 0.63 0.36 171.08 41.11 124.39 1.72 
 
AMNH 85144 0.58 0.63 0.33 171.27 38.74 115.39 0.00 
 
AMNH 85149 0.64 0.77 0.35 171.70 41.28 117.10 0.00 
 
ETVP 7113 0.40 0.81 0.32 166.94 35.84 121.80 0.00 
 
ETVP 7140 0.52 0.96 0.27 173.60 34.90 127.81 25.63 
 
NMNH 22705 0.50 0.75 0.36 168.27 23.86 123.24 23.37 
C. crocuta AMNH 52097 1.01 0.93 0.36 171.10 32.81 116.32 24.99 
 
AMNH 83593 0.86 1.10 0.39 171.27 32.45 87.15 0.00 
 
AMNH 187776 0.89 0.84 0.32 173.22 31.75 90.00 0.00 
 
ETVP Uncata2 0.76 1.02 0.45 171.28 29.28 99.37 6.92 
 
NMNH 163102 0.98 0.66 0.35 171.60 39.20 95.54 0.00 
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Table A9: Radius indices and angular variables for ursine subset. 
Species Specimen 
RMLW/ 
RL 
RAPW/ 
RL 
RAPW/ 
RMLW 
RHAPW/ 
RHMLW 
RHMLW/ 
RMLW 
RHAPW/ 
RAPW 
RBI/ 
RL 
RSLL/ 
RSLW 
RSLL/ 
RDW 
RSLL/ 
RMLW 
RSLW/ 
RAPW 
RSPH/ 
RL 
RHA RBA 
U. americanus ETVP 7073 0.08 0.07 0.83 0.83 1.45 1.45 0.50 2.02 0.75 1.48 0.88 0.06 71.46 168.45 
 
ETVP 7074 0.09 0.07 0.75 0.89 1.45 1.73 0.58 1.66 0.71 1.33 1.07 0.05 73.28 163.88 
 
ETVP 2100 0.07 0.12 1.61 0.82 1.57 0.80 0.57 1.76 0.76 1.59 0.56 0.06 62.61 166.42 
 
ETVP 5957 0.08 0.08 1.02 0.87 1.47 1.26 0.65 2.11 0.83 1.59 0.74 0.06 62.15 169.12 
 
NMNH 283630 0.08 0.07 0.94 0.71 1.80 1.35 0.55 1.78 0.65 1.63 0.97 0.05 66.63 169.97 
 
NMNH 302901 0.08 0.06 0.82 0.90 1.72 1.87 0.53 1.40 0.59 1.37 1.19 0.05 83.87 168.54 
 
NMNH 303193 0.08 0.09 1.09 0.90 1.59 1.31 0.55 1.83 0.67 1.49 0.74 0.07 63.02 162.94 
 
NMNH A49664 0.07 0.07 0.99 0.83 1.92 1.62 0.53 1.91 0.70 1.90 1.00 0.04 56.27 162.27 
U. arctos NMNH 6255 0.08 0.08 1.01 0.78 1.62 1.26 0.61 2.36 0.76 1.74 0.73 0.07 57.43 166.39 
 
NMNH 199252 0.09 0.09 1.06 0.97 1.64 1.50 0.51 2.37 0.80 1.79 0.71 0.07 61.33 171.12 
 
NMNH 243786 0.09 0.09 1.09 0.76 1.76 1.23 0.44 1.96 0.72 1.68 0.79 0.07 63.69 160.72 
 
NMNH 301690 0.10 0.08 0.86 0.80 1.47 1.35 0.54 2.13 0.75 1.56 0.85 0.07 72.16 169.23 
 
LACM HC 133 0.10 0.08 0.86 1.40 0.85 1.38 0.60 2.02 0.69 1.40 0.81 0.04 69.89 166.91 
U. maritimus NMNH 260231 0.08 0.09 1.17 0.78 1.92 1.29 0.58 1.87 0.79 2.05 0.94 0.06 72.53 165.07 
 
NMNH 271322 0.09 0.10 1.15 0.85 1.75 1.29 0.61 2.09 0.71 1.77 0.74 0.07 65.69 165.81 
 
NMNH 218230 0.10 0.09 0.91 0.69 1.68 1.28 0.49 1.97 0.70 1.55 0.87 0.07 69.33 167.39 
 
UNMH 275124 0.07 0.08 1.11 0.86 2.23 1.71 0.60 1.85 0.69 2.21 1.07 0.08 70.09 169.39 
U. malayanus UNMH 198713 0.06 0.09 1.43 0.81 2.33 1.32 0.56 1.72 0.69 1.93 0.79 0.05 73.91 164.23 
 
NMNH 151866 0.07 0.09 1.42 0.79 2.38 1.33 0.53 1.48 0.67 2.03 0.97 0.06 62.59 159.83 
 
NMNH 239451 0.07 0.08 1.12 0.84 2.06 1.55 0.53 1.52 0.69 1.78 1.05 0.06 56.63 161.69 
 
R White Uncata 0.09 0.06 0.67 0.69 1.55 1.58 0.56 1.98 0.63 1.28 0.96 0.08 73.16 170.69 
 
USNM 395845 0.07 0.11 1.55 0.79 2.16 1.09 0.62 1.47 0.65 1.77 0.78 0.06 64.13 164.53 
 
NMNH A49710 0.07 0.09 1.20 0.79 2.17 1.44 0.57 1.36 0.63 1.60 0.98 0.06 63.69 165.53 
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Table A10: Radius indices and angular variables for tremarctine subset. 
Species Specimen 
RMLW/ 
RL 
RAPW/ 
RL 
RAPW/ 
RMLW 
RHAPW/ 
RHMLW 
RHMLW/ 
RMLW 
RHAPW/ 
RAPW 
RBI/ 
RL 
RSLL/ 
RSLW 
RSLL/ 
RDW 
RSLL/ 
RMLW 
RSLW/ 
RAPW 
RSPH/ 
RL 
RHA RBA 
T. ornatus ETVP Uncata1 0.08 0.08 0.93 0.73 1.74 1.37 0.59 1.65 0.68 1.47 0.96 0.07 71.40 165.14 
 
LACM 39667 0.07 0.08 1.19 0.75 2.22 1.40 0.61 1.45 0.60 1.61 0.94 0.06 61.14 164.84 
 
NMNH 194309 0.07 0.09 1.22 0.66 1.98 1.07 0.64 1.40 0.67 1.64 0.96 0.06 71.76 165.77 
 
NMNH 582002 0.08 0.09 1.04 0.73 1.77 1.24 0.60 1.40 0.61 1.30 0.89 0.07 64.52 165.72 
A. simus AMNH A225b 0.10 0.10 0.98 0.75 1.54 1.18 0.55 1.79 0.81 1.60 0.91 0.05 76.61 168.83 
 
AMNH BX386b 0.10 0.08 0.78 0.86 1.52 1.67 0.67 1.88 0.78 1.50 1.02 0.07 93.27 176.65 
 
AMNH SP-56-34B 0.10 0.13 1.31 0.76 1.41 0.82 0.59 1.45 0.78 1.42 0.75 0.06 78.00 165.84 
 
AMNH Unkn1 0.09 0.09 1.07 0.78 1.77 1.29 0.55 1.70 0.80 1.74 0.95 0.06 83.19 162.74 
 
LACM HC 1559 0.07 0.09 1.33 0.76 2.02 1.15 0.53 1.76 0.79 2.09 0.89 0.05 75.98 166.22 
 
LACM HC 57564 0.09 0.09 1.09 0.73 1.68 1.20 0.59 1.68 0.71 1.75 0.93 0.06 76.59 168.06 
 
LACM HC 57565 0.09 0.09 1.09 0.94 1.68 1.20 0.59 1.71 0.78 1.75 0.93 0.06 76.59 168.06 
 
LACM HC X-6994 0.09 0.09 1.09 0.78 1.68 1.20 0.59 1.76 0.72 1.75 0.93 0.06 76.59 168.06 
 
LACM HC X-6996 0.08 0.08 0.96 0.72 1.69 1.27 0.69 1.80 0.76 1.63 0.94 0.06 75.91 173.53 
 
NMNH 1585 0.09 0.09 1.09 0.87 1.68 1.20 0.51 1.49 0.72 1.75 0.93 0.03 59.17 163.72 
 
NMNH 2654 0.07 0.09 1.22 0.77 1.78 1.12 0.52 1.51 0.78 2.01 1.08 0.06 73.79 167.30 
 
NMNH 8180 0.09 0.09 1.09 0.76 1.68 1.20 0.59 1.71 0.78 1.75 0.93 0.06 76.59 168.06 
 
NMNH Island Ford 0.08 0.10 1.14 0.77 1.74 1.19 0.65 2.02 0.90 2.04 0.89 0.05 73.36 167.70 
 
UF 223799 0.09 0.09 1.01 0.68 1.61 1.07 0.59 1.71 0.78 1.75 0.93 0.06 76.59 168.06 
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Table A11: Radius indices and angular variables for non-ursid carnivoran subset. 
Species Specimen 
RMLW/ 
RL 
RAPW/ 
RL 
RAPW/ 
RMLW 
RHAPW/ 
RHMLW 
RHMLW/ 
RMLW 
RHAPW/ 
RAPW 
RBI/ 
RL 
RSLL/ 
RSLW 
RSLL/ 
RDW 
RSLL/ 
RMLW 
RSLW/ 
RAPW 
RSPH/ 
RL 
RHA RBA 
C. lupus AMNH 98227 0.08 0.05 0.60 0.70 1.40 1.64 0.40 2.08 0.74 1.34 1.08 0.02 90.12 169.66 
 
AMNH 134941 0.07 0.05 0.65 0.72 1.39 1.54 0.42 1.71 0.76 1.51 1.36 0.02 89.75 164.50 
 
AMNH 134944 0.08 0.05 0.65 0.75 1.30 1.50 0.49 1.68 0.79 1.46 1.35 0.02 91.64 166.83 
 
ETVP 1508 0.09 0.06 0.65 0.70 1.28 1.37 0.46 1.87 0.85 1.47 1.20 0.01 86.02 164.89 
 
ETVP 5936 0.08 0.05 0.66 0.86 1.28 1.67 0.54 1.79 0.89 1.43 1.21 0.01 80.68 165.09 
 
ETVP 12534 0.08 0.05 0.63 0.79 1.30 1.64 0.49 1.78 0.86 1.35 1.21 0.01 78.04 165.86 
 
NMNH 1384 0.07 0.05 0.64 0.69 1.43 1.56 0.51 1.43 0.66 1.30 1.43 0.01 78.03 159.40 
P. leo AMNH 85140 0.08 0.08 0.98 0.84 1.69 1.44 0.53 1.98 0.73 1.78 0.91 0.05 90.00 165.88 
 
AMNH 85144 0.10 0.09 0.98 0.73 1.39 1.03 0.49 1.99 0.80 1.70 0.87 0.05 76.90 163.55 
 
AMNH 85149 0.09 0.07 0.76 0.83 1.42 1.55 0.49 1.86 0.81 1.63 1.15 0.05 85.82 168.89 
 
ETVP 7113 0.09 0.07 0.76 0.82 1.56 1.67 0.56 2.12 0.79 1.71 1.06 0.05 90.61 168.14 
 
ETVP 7140 0.08 0.06 0.76 0.83 1.54 1.67 0.34 1.89 0.85 2.00 1.39 0.05 86.02 169.77 
 
NMNH 22705 0.08 0.06 0.75 0.81 1.73 1.87 0.44 1.71 0.70 1.78 1.40 0.05 85.10 167.79 
C. crocuta AMNH 52097 0.10 0.06 0.62 0.66 1.14 1.20 0.46 1.80 0.73 1.27 1.13 0.04 88.98 168.60 
 
AMNH 83593 0.10 0.06 0.68 0.65 1.39 1.33 0.45 1.54 0.67 1.34 1.29 0.04 88.29 169.71 
 
AMNH 187776 0.09 0.07 0.80 0.63 1.47 1.17 0.45 2.31 0.75 1.46 0.80 0.03 88.41 165.82 
 
ETVP Uncata2 0.08 0.08 1.02 0.70 1.67 1.15 0.44 1.67 0.72 1.65 0.97 0.04 88.29 169.78 
 
NMNH 163102 0.09 0.06 0.71 0.62 1.45 1.27 0.44 1.83 0.81 1.54 1.19 0.04 81.14 163.25 
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Table A12: Scapholunar indices and angular variables for ursine subset. 
Species Specimen 
SLRL/ 
SLRW 
SLPPL/ 
SLRW 
SLMW/ 
SLRL 
SLML/ 
SLMW 
SLML/ 
SLRW 
SLTTW/ 
SLRL 
SLRL/ 
SLW 
SLAD/ 
SLW 
SLTA 
U. americanus ETVP 7074 1.41 0.70 0.31 2.09 0.93 0.30 1.63 0.34 118.15 
 
ETVP 5957 1.65 0.74 0.28 2.08 0.95 0.35 1.67 0.36 121.95 
 
ETVP 13488 1.51 0.68 0.32 2.04 0.99 0.33 1.57 0.38 127.25 
 
NMNH 283630 1.53 0.68 0.25 2.47 0.96 0.40 1.36 0.41 128.99 
 
NMNH 303193 1.50 0.80 0.32 2.12 1.01 0.34 1.52 0.44 125.69 
 
NMNH A49664 1.68 0.78 0.28 2.09 0.97 0.31 1.38 0.29 134.17 
U. arctos NMNH 6255 1.63 0.73 0.27 2.22 0.97 0.37 1.48 0.48 121.26 
 
NMNH 199252 1.57 0.73 0.29 1.88 0.87 0.37 1.42 0.52 121.74 
 
NMNH 243786 1.59 0.59 0.29 2.06 0.97 0.36 1.43 0.32 125.10 
 
NMNH 301690 1.64 0.66 0.24 2.58 1.00 0.38 1.61 0.35 133.47 
U. maritimus NMNH 260231 1.66 0.76 0.24 2.50 0.99 0.40 1.59 0.36 142.44 
 
NMNH 271322 1.58 0.73 0.25 2.34 0.93 0.38 1.53 0.35 140.69 
 
NMNH 218230 1.53 0.82 0.28 2.28 0.97 0.39 1.48 0.38 139.65 
 
UNMH 275124 1.63 0.75 0.29 2.03 0.95 0.35 1.45 0.40 122.11 
U. malayanus UNMH 198713 1.51 0.86 0.33 2.00 1.01 0.39 1.33 0.55 119.12 
 
NMNH 151866 1.51 0.91 0.33 1.95 0.96 0.39 1.39 0.46 126.18 
 
NMNH 239451 1.46 0.84 0.42 1.58 0.97 0.33 1.59 0.34 118.91 
 
R White Uncata 1.42 0.76 0.29 2.17 0.87 0.37 1.43 0.44 132.57 
 
USNM 395845 1.45 0.87 0.26 2.61 0.99 0.41 1.48 0.40 125.75 
 
NMNH A49710 1.46 0.90 0.30 2.13 0.92 0.38 1.51 0.36 129.36 
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Table A13: Scapholunar indices and angular variables for tremarctine subset. 
Species Specimen 
SLRL/ 
SLRW 
SLPPL/ 
SLRW 
SLMW/ 
SLRL 
SLML/ 
SLMW 
SLML/ 
SLRW 
SLTTW/ 
SLRL 
SLRL/ 
SLW 
SLAD/ 
SLW 
SLTA 
T. ornatus ETVP Uncata1 1.31 0.80 0.35 2.08 0.95 0.46 1.25 0.44 130.13 
 
LACM 39667 1.37 0.79 0.30 2.39 0.98 0.37 1.39 0.41 137.99 
 
NMNH 194309 1.31 0.78 0.31 2.19 0.89 0.46 1.24 0.45 135.85 
 
NMNH 582002 1.49 0.84 0.31 2.18 1.00 0.37 1.39 0.35 128.17 
A. simus AMNH 127695 1.49 0.69 0.61 0.57 0.52 0.30 1.60 0.27 131.89 
 
LACM HC 57578 1.47 0.58 0.35 1.70 0.87 0.31 1.43 0.26 124.26 
 
LACM HC 57581 1.53 0.55 0.27 2.20 0.91 0.45 1.56 0.33 115.85 
 
LACM HC 57583 1.47 0.76 0.36 1.82 0.95 0.37 1.46 0.33 129.18 
 
LACM HC Z-105 1.55 0.70 0.34 1.87 0.98 0.31 1.51 0.36 121.36 
 
LACM HC Z-109 1.56 0.64 0.33 1.80 0.93 0.31 1.54 0.39 127.02 
 
LACM HC Z-135 1.50 0.70 0.35 1.74 0.91 0.28 1.49 0.32 126.47 
 
NMNH 2654 1.57 0.66 0.31 1.85 0.91 0.30 1.61 0.36 134.39 
 
NMNH 8180 1.50 0.66 0.29 2.04 0.89 0.35 1.53 0.37 126.21 
 
NMNH Island Ford 1.53 0.68 0.34 1.90 0.99 0.30 1.50 0.40 139.47 
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Table A14: Scapholunar indices and angular variables for non-ursid carnivoran subset. 
Species Specimen 
SLRL/ 
SLRW 
SLPPL/ 
SLRW 
SLMW/ 
SLRL 
SLML/ 
SLMW 
SLML/ 
SLRW 
SLTTW/ 
SLRL 
SLRL/ 
SLW 
SLAD/ 
SLW 
SLTA 
C. lupus AMNH 98227 1.52 0.45 0.29 2.55 1.14 0.38 1.74 0.36 136.93 
 
AMNH 134941 1.78 0.43 0.31 2.33 1.27 0.47 1.47 0.43 137.51 
 
AMNH 134944 1.64 0.53 0.27 2.40 1.07 0.40 1.66 0.39 140.03 
 
ETVP 5936 1.62 0.45 0.28 2.29 1.03 0.38 1.51 0.41 131.61 
 
ETVP 12534 1.70 0.37 0.34 2.07 1.20 0.45 1.56 0.37 124.02 
 
NMNH 1384 1.77 0.00 0.28 2.42 1.21 0.51 1.68 0.40 136.97 
P. leo AMNH 85140 1.59 0.28 0.26 2.05 0.83 0.55 1.44 0.31 130.94 
 
AMNH 85144 1.60 0.31 0.32 1.75 0.89 0.43 1.44 0.30 134.06 
 
AMNH 85149 1.60 0.23 0.30 1.66 0.80 0.48 1.51 0.31 128.25 
 
ETVP 7113 1.58 0.26 0.33 1.85 0.97 0.44 1.46 0.32 129.70 
 
NMNH 22705 1.51 0.34 0.27 1.93 0.78 0.55 1.44 0.35 132.04 
C. crocuta AMNH 52097 1.54 0.32 0.24 2.22 0.81 0.41 1.40 0.40 139.66 
 
AMNH 83593 1.41 0.09 0.31 1.76 0.77 0.47 1.25 0.38 133.95 
 
AMNH 187776 1.54 0.12 0.33 1.83 0.92 0.46 1.40 0.41 130.61 
 
ETVP Uncata2 1.38 0.07 0.28 1.86 0.73 0.56 1.30 0.32 137.07 
 
NMNH 163102 1.61 0.00 0.27 1.97 0.87 0.45 1.44 0.46 120.03 
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Table A15: Magnum indices and angular variables for entire dataset. 
Species Specimen 
MAGL/ 
MAGW 
MAGA Species Specimen 
MAGL/ 
MAGW 
MAGA Species Specimen 
MAGL/ 
MAGW 
MAGA 
U. americanus ETVP 7074 2.18 58.71 T. ornatus ETVP Uncata1 1.99 56.04 C. lupus AMNH 98227 2.33 86.16 
 
ETVP 5957 2.06 62.40 
 
LACM 39667 1.84 70.27 
 
AMNH 134941 2.32 85.48 
 
ETVP 13488 1.90 68.52 
 
NMNH 194309 2.39 61.74 
 
AMNH 134944 2.04 75.23 
 
NMNH 283630 2.00 68.02 
 
NMNH 582002 2.10 60.59 
 
ETVP 5936 2.29 75.56 
 
NMNH 303193 1.89 75.63 A. simus LACM HC 57575 2.49 67.47 
 
NMNH 1384 2.38 82.09 
 
NMNH A49664 2.04 71.29 
 
LACM HC Z-106 2.53 72.43 P. leo AMNH 85140 1.63 55.64 
U. arctos NMNH 6255 2.08 65.52 
 
LACM R 35172 2.21 67.67 
 
AMNH 85144 1.35 55.06 
 
NMNH 199252 2.04 67.85 
 
NMNH 8180 2.81 80.77 
 
AMNH 85149 1.60 55.18 
 
NMNH 243786 2.24 57.66 
 
NMNH Island Ford 2.47 59.75 
 
ETVP 7113 1.60 54.97 
 
NMNH 301690 2.22 57.14 
     
NMNH 22705 1.49 50.70 
U. maritimus NMNH 260231 2.11 59.43 
    
C. crocuta AMNH 52097 2.27 73.75 
 
NMNH 271322 1.91 62.58 
     
AMNH 83593 2.02 80.82 
 
NMNH 218230 2.02 65.36 
     
AMNH 187776 2.23 78.41 
 
UNMH 275124 1.87 61.52 
     
ETVP Uncata2 1.96 80.67 
U. malayanus UNMH 198713 2.00 54.67 
        
 
NMNH 151866 1.84 75.86 
        
 
NMNH 239451 2.35 68.10 
        
 
R White Uncata 1.96 67.92 
        
 
USNM 395845 1.99 66.95 
        
 
NMNH A49710 2.34 57.32 
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Table A16: Metacarpal III indices and angular variables for ursid dataset. 
Species Specimen 
MC3MLW/ 
MC3L 
MC3APW/ 
MC3L 
MC3APW/ 
MC3MLW 
MC3DW/ 
MC3MLW 
Species Specimen 
MC3MLW/ 
MC3L 
MC3APW/ 
MC3L 
MC3APW/ 
MC3MLW 
MC3DW/ 
MC3MLW 
U. americanus ETVP 7074 0.16 0.15 0.92 1.55 T. ornatus ETVP Uncata1 0.14 0.13 0.95 1.85 
 
ETVP 5957 0.15 0.16 1.06 1.64 
 
LACM 30753 0.15 0.13 0.88 1.64 
 
ETVP 13488 0.14 0.13 0.92 1.65 
 
LACM 39667 0.14 0.13 0.92 1.81 
 
NMNH 283630 0.17 0.16 0.94 1.50 
 
NMNH 194309 0.15 0.12 0.82 1.63 
 
NMNH 303193 0.16 0.15 0.94 1.59 
 
NMNH 582002 0.15 0.15 0.98 1.92 
 
NMNH A49664 0.15 0.14 0.94 1.63 A. simus AMNH 25536 0.17 0.17 1.01 1.55 
U. arctos NMNH 6255 0.15 0.14 0.96 1.56 
 
LACM HC Mount-MC3 0.17 0.15 0.93 1.77 
 
NMNH 199252 0.14 0.13 0.97 1.69 
 
LACM HC Z-41 0.16 0.15 0.87 1.77 
 
NMNH 243786 0.15 0.14 0.93 1.63 
 
LACM HC Z-120 0.16 0.15 0.89 1.77 
 
NMNH 301690 0.15 0.13 0.89 1.67 
 
NMNH 8180 0.15 0.14 0.92 1.59 
 
LACM HC 133 0.15 0.15 1.00 1.67 
 
NMNH Island Ford 0.13 0.13 0.98 1.73 
 
LACM HC 57929 0.15 0.14 0.91 1.69 
      
U. maritimus NMNH 260231 0.15 0.11 0.77 1.84 
      
 
NMNH 271322 0.14 0.14 0.95 1.68 
      
 
UNMH 275124 0.13 0.12 0.91 1.83 
      
U. malayanus UNMH 198713 0.16 0.13 0.82 1.59 
      
 
NMNH 151866 0.17 0.15 0.87 1.46 
      
 
NMNH 239451 0.16 0.14 0.86 1.59 
      
 
UNMH 151866 0.19 0.13 0.84 1.36 
      
 
R White Uncata 0.15 0.12 0.76 1.49 
      
 
USNM 395845 0.16 0.14 0.88 1.46 
      
 
NMNH A49710 0.15 0.13 0.84 1.67 
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Table A17: Metacarpal III indices and angular variables for non-ursid carnivoran dataset. 
Species Specimen 
MC3MLW/ 
MC3L 
MC3APW/ 
MC3L 
MC3APW/ 
MC3MLW 
MC3DW/ 
MC3MLW 
C. lupus AMNH 98227 0.09 0.08 0.92 1.48 
 
AMNH 134941 0.09 0.08 0.86 1.30 
 
AMNH 134944 0.08 0.07 0.84 1.45 
 
ETVP 5936 0.09 0.08 0.92 1.44 
 
ETVP 12534 0.10 0.07 0.77 1.38 
 
NMNH 1384 0.08 0.07 0.84 1.39 
P. leo AMNH 85140 0.14 0.16 1.15 1.56 
 
AMNH 85144 0.13 0.13 0.98 1.45 
 
AMNH 85149 0.13 0.12 0.86 1.47 
 
ETVP 7113 0.12 0.10 0.84 1.47 
 
NMNH 22705 0.13 0.13 0.96 1.53 
C. crocuta AMNH 52097 0.11 0.09 0.86 1.44 
 
AMNH 83593 0.11 0.10 0.84 1.43 
 
AMNH 187776 0.11 0.09 0.87 1.40 
 
ETVP Uncata2 0.10 0.08 0.85 1.48 
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Table A19: Interelemental indices and angular variables for ursine subset. 
Species Specimen SOW ELBOW 
FORE 
ARM 
WRIST2 SPREAD 
DIG1 
DIV 
RAD
TUB/ 
OL 
LSC/ 
OL 
ELB
ADD/ 
OL 
RL/ 
HL 
UL/ 
HL 
MC3/ 
HL 
MC4/ 
HL 
MC3/ 
MC4 
MAG/ 
HL 
SLW/ 
HL 
U. americanus ETVP 7073 136.16 170.15 179.67 24.47 10.09 19.25 0.87 1.43 0.96 0.93 1.07 0.24 0.25 0.95 0.06 0.08 
 
ETVP 7074 135.00 158.13 175.10 43.95 13.21 18.54 0.84 1.26 0.84 0.93 1.00 0.23 0.25 0.95 0.07 0.07 
 
ETVP 2100 129.90 164.14 171.49 40.90 10.09 19.25 0.87 1.68 1.08 0.90 1.03 0.24 0.25 0.95 0.06 0.08 
 
ETVP 5957 137.20 164.14 171.27 52.97 10.09 19.25 1.00 1.67 1.08 0.90 1.03 0.24 0.25 0.95 0.06 0.08 
 
ETVP 13488 132.95 164.14 174.38 40.57 11.67 27.26 0.87 1.45 0.94 0.90 1.03 0.24 0.25 0.95 0.06 0.08 
 
NMNH 283630 134.91 164.14 174.38 40.57 10.09 19.25 0.98 1.60 1.05 0.88 1.02 0.23 0.24 0.95 0.06 0.09 
 
NMNH 302901 132.32 164.14 174.38 40.57 10.09 19.25 0.90 1.43 0.88 0.93 1.07 0.24 0.25 0.95 0.06 0.08 
 
NMNH 303193 136.71 164.14 174.38 40.57 10.09 19.25 0.78 1.37 0.94 0.88 1.02 0.24 0.25 0.96 0.07 0.08 
 
NMNH A49664 124.78 164.14 174.38 40.57 10.09 19.25 0.97 1.62 0.96 0.83 0.99 0.25 0.26 0.95 0.06 0.08 
U. arctos NMNH 6255 132.38 172.37 170.05 33.34 5.12 9.93 0.90 1.37 0.95 0.93 1.09 0.26 0.26 0.98 0.07 0.09 
 
NMNH 199252 130.90 167.98 174.12 36.79 5.12 9.93 1.03 1.42 1.03 0.90 0.99 0.26 0.27 0.96 0.07 0.10 
 
NMNH 243786 126.58 170.74 170.36 47.86 5.12 9.93 0.83 1.58 1.09 0.83 0.98 0.23 0.24 0.96 0.07 0.09 
 
NMNH 301690 132.46 166.22 174.31 33.05 5.12 9.93 0.84 1.64 0.99 0.86 0.98 0.25 0.25 1.00 0.07 0.08 
 
LACM HC 133 136.10 169.33 172.21 37.76 5.12 9.93 0.85 1.62 0.85 0.88 1.01 0.25 0.26 0.98 0.07 0.09 
U. maritimus NMNH 260231 129.49 160.42 167.37 36.98 8.45 5.11 0.84 1.51 0.92 0.87 1.10 0.25 0.26 0.97 0.08 0.09 
 
NMNH 271322 131.85 160.74 168.44 39.71 8.45 5.11 0.79 1.44 0.87 0.82 0.98 0.26 0.26 0.99 0.07 0.09 
 
UMNH 218230 126.18 160.58 167.91 38.34 8.45 5.11 0.75 1.34 0.94 0.89 1.02 0.26 0.26 0.99 0.08 0.10 
 
UNMH 275124 127.72 160.58 167.91 38.34 8.45 5.11 0.87 1.48 0.94 0.82 1.06 0.28 0.27 1.01 0.08 0.10 
U. malayanus UNMH 198713 135.53 155.94 173.53 48.03 7.79 27.21 0.93 1.51 0.95 0.88 1.03 0.22 0.22 0.99 0.06 0.09 
 
NMNH 151866 124.21 155.28 175.17 46.51 7.79 27.21 0.92 1.55 1.08 0.85 1.00 0.22 0.22 0.98 0.06 0.08 
 
NMNH 239451 127.16 154.78 175.02 43.79 7.79 27.21 0.97 1.42 0.97 0.88 1.03 0.22 0.22 0.99 0.07 0.07 
 
UNMH 151866 129.42 155.94 170.73 48.03 7.92 17.24 0.92 1.52 1.03 0.86 1.01 0.22 0.22 1.02 0.06 0.08 
 
R White Uncata 132.53 162.17 171.21 56.21 7.66 37.19 0.98 1.63 1.04 0.87 1.02 0.22 0.18 1.17 0.05 0.07 
 
USNM 395845 128.33 155.64 174.84 42.66 7.79 27.21 0.93 1.53 1.07 0.81 0.97 0.22 0.23 0.98 0.06 0.08 
 
NMNH A49710 128.78 151.83 174.21 50.98 7.79 27.21 0.78 1.47 1.09 0.86 1.00 0.24 0.24 0.98 0.07 0.08 
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Table A20: Interelemental indices and angular variables for tremarctine subset. 
Species Specimen SOW ELBOW 
FORE 
ARM 
WRIST2 SPREAD 
DIG1 
DIV 
RAD
TUB/ 
OL 
LSC/ 
OL 
ELB
ADD/ 
OL 
RL/ 
HL 
UL/ 
HL 
MC3/ 
HL 
MC4/ 
HL 
MC3/ 
MC4 
MAG/ 
HL 
SLW/ 
HL 
T. ornatus ETSU Uncata1 124.73 160.08 171.52 48.06 8.07 24.83 0.94 1.62 1.12 0.85 1.00 0.25 0.25 1.00 0.06 0.08 
 
LACM 39667 121.98 160.04 175.10 32.45 11.34 24.15 0.88 1.84 1.04 0.86 0.99 0.24 0.24 0.98 0.06 0.07 
 
NMNH 194309 125.09 161.77 172.45 48.06 9.71 24.49 0.98 1.49 1.07 0.85 1.00 0.23 0.24 0.98 0.06 0.08 
 
NMNH 582002 127.11 165.18 170.74 63.67 9.71 24.49 0.96 1.51 1.01 0.84 0.97 0.23 0.23 0.98 0.06 0.08 
A. simus NMNH 1585 139.15 174.81 168.40 51.67 11.83 13.96 1.04 1.98 1.29 0.86 1.01 0.23 0.24 0.96 0.06 0.07 
 
NMNH 2654 137.88 175.48 169.17 49.19 11.83 13.96 0.89 1.70 1.08 0.80 0.92 0.23 0.24 0.96 0.06 0.07 
 
NMNH Island Ford 138.52 175.45 173.03 46.87 12.62 5.32 0.98 1.85 1.08 0.78 1.01 0.24 0.24 0.97 0.07 0.08 
 
Arctodus Average 138.52 174.81 170.20 49.24 11.83 13.96 0.97 1.95 1.95 0.86 1.01 0.23 0.24 0.96 0.06 0.07 
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Table A21: Interelemental indices and angular variables for non-ursid carnivoran subset. 
Species Specimen SOW ELBOW 
FORE 
ARM 
WRIST2 SPREAD 
DIG1 
DIV 
RAD
TUB/ 
OL 
LSC/ 
OL 
ELB
ADD/ 
OL 
RL/
HL 
UL/
HL 
MC3/
HL 
MC4/
HL 
MC3/ 
MC4 
MAG/
HL 
SLW/
HL 
C. lupus AMNH 98227 134.05 174.56 175.75 72.62 2.05 0.00 0.95 0.82 0.68 0.99 1.18 0.43 0.43 1.00 0.06 0.06 
 
AMNH 134941 132.76 174.56 175.75 72.62 2.05 0.00 1.01 0.94 0.67 1.02 1.18 0.44 0.44 1.00 0.06 0.07 
 
AMNH 134944 130.34 178.69 175.09 78.82 2.05 0.00 0.92 0.90 0.61 1.00 1.16 0.44 0.43 1.02 0.07 0.06 
 
ETVP 1508 137.10 171.20 174.93 64.37 2.05 0.00 0.94 0.99 0.59 0.92 1.15 0.43 0.43 1.01 0.06 0.06 
 
NAUQSO 5936 132.79 173.66 175.17 69.17 2.27 0.00 0.96 0.78 0.52 0.96 1.12 0.44 0.44 0.99 0.06 0.07 
 
ETVP 12534 132.89 171.23 178.72 63.88 2.05 0.00 0.86 0.91 0.55 0.92 1.20 0.41 0.39 1.03 0.06 0.06 
 
NMNH 1384 130.70 174.56 175.75 72.62 2.05 0.00 0.87 0.84 0.60 0.99 1.20 0.43 0.43 1.01 0.06 0.06 
 
NMNH 19848 132.95 178.03 174.84 86.87 1.82 0.00 0.93 0.88 0.60 0.97 1.17 0.43 0.43 1.01 0.06 0.06 
P. leo AMNH 85140 138.56 164.09 172.44 49.15 3.22 16.38 0.98 1.41 0.77 0.92 1.09 0.31 0.35 0.88 0.07 0.09 
 
AMNH 85144 137.60 164.09 172.44 49.15 3.22 16.38 0.82 1.34 0.74 0.85 1.05 0.33 0.33 0.99 0.06 0.08 
 
AMNH 85149 138.30 164.09 172.44 49.15 3.22 16.38 0.86 1.19 0.75 0.91 1.10 0.34 0.34 1.02 0.07 0.09 
 
ETVP 7113 133.09 161.43 173.42 47.82 3.25 16.38 0.90 1.11 0.66 0.94 1.11 0.37 0.36 1.05 0.07 0.09 
 
ETVP 7140 132.81 174.46 169.88 50.71 3.22 16.38 0.84 1.09 0.63 1.05 1.29 0.34 0.34 1.00 0.06 0.09 
 
NMNH 22705 136.07 156.37 174.00 48.92 1.24 16.38 0.80 1.11 0.82 0.94 1.11 0.36 0.35 1.05 0.06 0.09 
 
NMNH 172677 136.07 164.09 172.44 49.15 5.15 16.38 0.86 1.21 0.73 0.93 1.13 0.34 0.34 1.00 0.06 0.09 
C. crocuta AMNH 52097 134.38 155.16 177.76 28.74 2.80 0.00 0.60 0.92 0.74 1.02 1.19 0.45 0.44 1.03 0.08 0.10 
 
AMNH 83593 136.53 155.16 177.76 28.74 2.80 0.00 0.69 0.78 0.70 0.99 1.15 0.43 0.41 1.04 0.08 0.10 
 
AMNH 187776 136.62 155.16 177.76 28.74 2.80 0.00 0.64 0.85 0.65 1.01 1.17 0.44 0.43 1.03 0.07 0.09 
 
ETVP Uncata2 129.46 155.16 177.76 28.74 2.80 0.00 0.64 0.69 0.70 1.01 1.16 0.45 0.43 1.06 0.07 0.10 
 
NMNH 163102 140.75 155.16 177.76 28.74 2.80 0.00 0.56 0.81 0.65 0.99 1.14 0.44 0.43 1.04 0.08 0.09 
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APPENDIX B 
StepDFAS AND PCA2S FOR EACH ANALYSIS 
 
 
 
 
 
 
Figure B1: StepDFA for All Species scapula dataset. Legend colors are the same for all 
following plots.
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Figure B2: StepDFA (left) and PCA2 (right) for Ursidae Only scapula dataset 
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Figure B3: StepDFA and PCA2 for All Species humerus dataset 
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Figure B4: StepDFA (left) and PCA2 (right) for Ursidae Only humerus dataset 
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Figure B5: StepDFA and PCA2 for All Species ulna dataset 
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Figure B6: StepDFA and PCA2 for Ursidae Only ulna dataset 
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Figure B7: StepDFA and PCA2 for All Species radius dataset 
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Figure B8: StepDFA and PCA2 for All Species scapholunar dataset 
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Figure B9: StepDFA (left) and PCA2 (right) for Ursidae Only scapholunar dataset 
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Figure B10: StepDFA (left) and PCA2 (right) for All Species MCIII dataset 
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Figure B11: StepDFA for Ursidae Only MCIII dataset 
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